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ABSTRACT
During microwave frequency heating many variables in the food, package, and the microwave
oven itself affect how the food is heated. Multicomponent foods in particular heat unevenly, causing
problems with both sensory and microbiological quality. It is difficult to quantify the influence of factors
affecting microwave heating uniformity of foods. This is due, at least partly, to the problems in
measuring temperature distribution and the interaction between oven and the food. The objective of this
study was to improve the quality of microwave heated multicomponent foods by better understanding of
the factors controlling heating uniformity and the consumer perception thereof.
Dielectric properties of some food ingredients and components were measured by a cavity
perturbation technique at temperatures up to 95ºC. Food material used in the heating experiments were
chilled ready meals and hamburgers. Temperature was measured by a fibre optic system during
microwave heating and by thermocouples after heating. Infrared imaging was used to determine surface
temperatures of hamburgers. Water diffusion in a hamburger bun was examined by an NIR water
measurement system. The effect of salt content (two types of salt), geometry and placement of food
components, as well as the type of tray on heating uniformity of food were investigated. A consumer
panel was used to examine how temperature affected the pleasantness of meal components and how the
more or less uneven temperature distribution of microwave heated meals was perceived.
The measurement of the dielectric properties of starches showed that mainly water content
determined the dielectric properties and that, in practice, the variations between the different starches
were too small to be significant for recipe modifications. The temperature measurements showed that
chemical modifications had either no effect on temperature development or they had only some effects
combined with other factors although the dielectric properties varied considerably. The most important
factors in modifying the temperature distribution of a ready meal were placement and geometry of
components, and the type of tray. Heating uniformity was also studied in a vertically layered system
with components of widely different composition and dielectric properties, a hamburger bun. The results
showed that uneven heating is difficult to improve by recipe modifications alone. Modelling of the
hamburger confirmed that the food itself causes the uneven heating due to focusing and diffraction
phenomena.
The NIR measurement instrument, which had been found to be suitable for measuring local water
content during conventional heating, was found to be very sensitive to both the structure and the
temperature of the sample. Structural changes during microwave heating differed from those during
conventional heating and, thus, the calibration procedure should be developed and tested separately for
measuring water diffusion in a microwave oven.
Serving temperature clearly affected the sensory attributes and pleasantness of foods. However,
while instrumental measurements indicated large differences in temperatures between two microwave
heated ready meals with different component placements, the consumer panel perceived only small
differences in some sensory attributes. Regardless of temperature differences, the overall pleasantness
of the two microwave heated meals with different placements was judged to be similar and satisfactory.
Serving temperature is crucial to the pleasantness of food but, to the extent that it varied in microwave
heating, it did not have a major impact on the acceptability of the meal. However, the more uniform
alternative is recommended.
The results showed that most promising ways of modifying microwave heating uniformity are
physical factors, especially the dimensions or geometry of the food. Compared to hamburger, it was
easier to achieve more desirable temperature distribution in a ready meal as the hamburger components
have widely different properties and the geometry of the product has a very pronounced effect on the
heating. Simulation of microwave heating of multicomponent products offers a powerful tool for
product development. Close co-operation with package development is essential in solving some
problems associated with microwave heating.
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ABBREVIATIONS
e0 absolute permittivity of a vacuum (ca 8.854x10-12 F/m)
eabs absolute permittivity of a matrial (eabs = ereo)
e complex permittivity (also marked with er)
½e½ absolute permittivity
e' real permittivity
e” loss factor
e's static permittivity
e'¥ permittivity for infinite frequency
tan d loss tangent (tan d = e"/e')
l free space wavelength
h characteristic wave impedances (W)
h0  wave impedance of free space (about 377 W)
µ0 magnetic constant (arvo)
µ permeability
n normalised wavelength (= sin qi)
qi incidence angle of a plane wave towards a horizontal load surface
c speed of electromagnetic energy
c0 speed of light (em energy) in a vacuum (ca 3.0x108 m/s)
cp heat capacity per mass unit (specific heat) (J kg-1 K-1)
cv heat capacity per volume unit (specific heat) (J m-3 K-1)
dp the (power) penetration depth
f frequency (Hz)
j imaginary unit
k thermal conductivity (W m-1 K-1)
E electric field strength (V/m)
½E½ electric field strength inside the load (V/m)
H magnetic field strength (A/m)
P polarisation
Pv energy developed per unit volume (W/m3)
CPET crystalline polyethylene terephthalate
FDTD finite difference time domain (method)
FEM finite element (method)
FETD finite element time domain (method)
IEC the International Electrotechnical Commission
IR infrared
ISM industrial, scientific, and medical
MRI magnetic resonance imaging
MM moment method
PET polyethylene terephthalate
SEM standard error of the mean
TE transverse electric field
TM transverse magnetic field
WOF warmed-over flavour
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1. INTRODUCTION
“There is no limit to the product development possibilities for microwave food service
applications. It just takes imagination. The innovator has unlimited horizons” (Decareau,
1975).
Microwave ovens have become a common kitchen appliance in developed countries: the
microwave oven penetration is already over 100% in the USA, Japan and Australia and over
80% in the Nordic countries and UK, totally with about 225 million ovens in the homes. The
number of household ovens has increased rapidly while the number of industrial applications
has remained fewer than 1000 globally. Nearly 25 million household microwave ovens are
produced annually (Ohlsson and Bengtsson, 2001). However, it has not substituted the
conventional oven, and microwaveable foods have not been a big success either. Even
research and development of microwave foods decreased towards the end of 1990s. The main
reason for the product failures have surely been poor product design due to poor understanding
of the principles of microwave heating (Shukla, 1998).
Microwave heating or cooking of food is perhaps not what was expected in the 1980s. In 1975
Decareau suggested twenty product development opportunities. Today there is activity in some
of these cases but many of them may remain as a source of ideas for food manufacturers
(Decareau, 1992). The major uses of microwave oven in the USA at the beginning of 1990s
were reheating and defrosting of foods, cooking of vegetables, preparing of snacks, preparing
meals for one, and quickly preparing traditionally long-cooking foods (Happel, 1992).
Microwave heating is not thought of as a cooking method. However, the microwave oven has
become a very important appliance in kitchen, as it seems to fit in with the modern lifestyle.
Happel lists the most important reasons for this: lack of time, cooking illiteracy or
unwillingness to cook, eating alone, and individuality. However, the superior quality is often
missing.
In conventional heating methods material is heated by conduction or convection. These are
relatively slow methods as foods are good heat insulators. The surface is the hottest area of the
product and the centre the coolest. In microwave heating this does not generally apply but the
temperature distribution is difficult to predict. Microwaves themselves do not represent heat,
but energy that is converted into heat inside the product when absorbed. There are many factors
affecting how food is heated in a microwave field and this makes the heating mechanism very
complicated to understand. When a microwaveable product is to be developed the fundamental
mechanisms of microwave heating and the interaction of microwaves with materials should be
understood, although the technology is difficult (Buffler, 1993; James, 1993). There have been
many attempts to solve the problems encountered with microwave heating, and activities have
been directed to food product and package design, characterisation of household microwave
ovens, and development of heating instructions (George, 1993). Much of the knowledge in
microwave food development is empirical but there is a clear trend towards more
scientifically based research and development. Still only little has been reported about
temperature distributions within multicomponent foods or sensory quality of microwave heated
ready meals. In addition, the effect of the factors affecting microwave heating is poorly
understood. The present study is aimed to fill partially these voids.
2. LITERATURE REVIEW
During microwave or high frequency heating, many material properties affect the heating
performance. Among the most significant are the electromagnetic properties, especially the
dielectric properties of the food. In addition to these properties, geometry, packaging, and the
microwave oven itself affect the heating. This literature review focuses on multicomponent
food products and reheating of prepared foods, but some basic concepts and mechanisms of
microwave heating are also introduced.
There are many publications and databases on the dielectric properties of food materials and
model systems. However dielectric data on many food products are still lacking and there are
rather few data available on food ingredients (Ohlsson, 1989). The dielectric data for
biological substances have been tabulated by Stuchly and Stuchly (1980), for foods and
agricultural products by Tinga and Nelson (1973), and for foods by Kent (1987) and Datta et
al. (1995). Kent also includes a comprehensive bibliography.  Databases are nowadays also
found on the internet (for example www.nelfood.com). An extensive review of dielectric
properties of foods can be found in the literature (Ryynänen, 1995).
2.1. THE ELECTROMAGNETIC SPECTRUM AND THE ELECTROMAGNETIC
WAVE
Microwaves are part of the electromagnetic spectrum (Fig. 1) and are located between 300
MHz and 300 GHz. Microwave heating is defined as the heating of a substance by
electromagnetic energy operating in that frequency range. The high frequency range, which also
can be used for heating, is very large and it can be subdivided into kHz high frequency (10 kHz
< f £ 1 MHz) and MHz high frequency (1 MHz < f £ 300 MHz). The latter range is used here
when speaking about high frequency heating. The term radio frequency is used for high
frequency mainly in the United Kingdom (Risman, 1991a). The infrared region is located
between microwaves and visible light. Only restricted microwave or high frequencies are
freely allowed for heating in industrial, scientific, and medical applications, the so-called ISM
frequencies (Buffler, 1993). Of these, only 2450 MHz is commonly used in food processing in
Europe, while 915 MHz dominates in America and 896 MHz in the UK. Higher frequencies are
not in active use, but Decareau (1985) has suggested that by combining higher frequencies with
lower frequencies it would be possible to get surface browning.
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Figure 1. The electromagnetic spectrum and the ISM frequencies (based on Peräniitty, 1988).
A propagating electromagnetic wave has two components, an electric field (E; unit V/m) and a
magnetic field (H; unit A/m). They are vectors and always perpendicular to each other (Fig. 2).
In free space the propagating wave has a velocity (c0) of about 3.0 x 108 m/s, and this is the
maximum speed at which energy can travel. Frequency (f) and wavelength (l) are linked with
the equation:
c = lf [1]
Figure 2. A propagating electromagnetic wave.
2.2. THE ELECTROMAGNETIC PROPERTIES OF FOOD MATERIALS
2.2.1.  Polarisation of dielectrics
When two opposite charges are separated by a distance, they constitute an electric dipole.
Molecules with non-zero permanent electric dipole moments are called polar molecules. Non-
polar molecules may obtain a dipole moment in an electric field as a result of the distortion of
their electronic distributions and nuclear positions. The relative permittivity e is a measure of
the polarising effect from an external field, that is, how easily the medium is polarised.
Polarisation (P) can be described by an equation:
P = e0E(e-1) [2]
Alberty (1987) lists three types of polarisation: electronic, atomic, and orientation
polarisation. An important mechanism at microwave frequencies is also ion conductivity (ionic
loss or polarisation), where hydrated ions try to move in the direction of the electrical field
and transfer energy by this movement. This is strongly temperature dependent (Ohlsson, 1989).
Electronic polarisation comes from the field-induced displacement of the electrons with
respect to the nucleus. This polarisation occurs in all substances. In atomic polarisation, the
atoms can be moved in crystals or molecules. Electronic polarisation, together with atomic
polarisation, gives most dry solids a permittivity of the order of e' < 10. When only these two
mechanisms are present, the material is almost lossless at microwave frequencies. Atomic
polarisation, which is also called vibration polarisation, is closely related to electronic
polarisation but, because of the much greater mass to be moved, the resonant frequencies of
atomic polarisation are lower. Atomic polarisation is found in the infrared band while
electronic polarisation is found in the optical band. They both are practically independent of
the temperature (Alberty, 1987; Nyfors and Vainikainen, 1989).
Many molecules have a permanent dipole moment, and orientation (dipolar) polarisation is due
to the partial alignment of these dipoles. Water is a dipole and is usually a major component in
biological materials. In a microwave or high frequency field, the dipoles try to follow the
rapidly changing field. The dipoles are not completely oriented due to the disorienting effect of
thermal motion. This phenomenon is strongly temperature dependent; with rising temperature
the thermal agitation becomes more vigorous and fewer dipoles are oriented. The orientation
polarisation occurs at microwave frequencies due to inertial forces. (Alberty, 1987).
Of all the possible forms of loss mechanisms, orientation polarisation is perhaps the most
significant in microwave heating applications at frequencies above 1 GHz. However, this type
of polarisation does influence the lower frequency bands as well. Ionic loss typically
predominates at frequencies below 1 GHz (Nyfors and Vainikainen, 1989). The origin of
different types of losses can be seen in Figure 3. With rising temperature, all the phenomena
are found at higher frequencies.
Figure 3. Origin of different types of losses in heterogeneous mixtures containing water; x is extension
for water containing ions (de Loor, 1968).
2.2.2.  Dielectric properties
The dielectric properties describe how materials interact with electromagnetic radiation.
Natural biological materials absorb only the electric part of the electromagnetic field. Food
materials are practically non-magnetic, as they contain only trace amounts of magnetic
material, such as iron and cobalt (Metaxas and Meredith, 1983; Mudgett, 1995).
Permittivity and loss factor
The absolute permittivity in vacuum is eo and it is determined by the speed of light (c0) and the
magnetic constant (µ0), which are linked by the equation:
c02µ0e0 = 1 [3]
The numerical value for e0 is 8.854x10-12 F/m. In other media (solid, liquid and gaseous), the
permittivity has higher values and it is usually expressed relative to the value in vacuum
(Nyfors and Vainikainen, 1989):
eabs = ere0 [4]
where eabs is absolute permittivity of a material and er is relative permittivity of a material. It
is often recommended that the subscript r, which stands for relative, be eliminated. The high
frequency and microwave fields are sinusoidal time-dependent (time-harmonic) and common
practice is to use complex notation to express the time dependence (Nyfors and Vainikainen,
1989). Therefore, the permittivity will also be a complex quantity with real and imaginary
components (Risman, 1991a). The equation for complex permittivity is:
e  = e' - je" [5]
where e  is relative complex permittivity, e' is relative real permittivity (dielectric constant),
e" is the relative dielectric loss factor, and j is the imaginary component.
The real component of the permittivity, known also as the dielectric constant (e'), is related to
the capacitance of a substance and its ability to store electrical energy. The imaginary
component, the dielectric loss factor (e"), is related to various absorption mechanisms of
energy dissipation and is always positive and usually much smaller than e'. It is approximately
proportional to the attenuation of a propagating wave. The substance is lossless if e" = 0
(Nyfors and Vainikainen, 1989; Mudgett, 1995). The ratio of e" to e' is called the (dielectric)
loss tangent (tan d).
Power density and penetration depth
The rate of heating can be expressed by the power equation:
Pv = 2pfe0e"½E½2 [6]
where Pv is energy developed per unit volume (W/m3), f is frequency (Hz), and ½E½is electric
field strength within the product (V/m). The electric field within the product is determined by
the dielectric properties, the geometry of the product, and by the oven configuration. Therefore,
this equation is generally impractical as the determination of the electric field distribution is
very complex (Buffler, 1993).
To gain a better practical understanding of the meaning of the values of the dielectric
properties, a penetration depth can be calculated from the dielectric properties. Theoretically,
the penetration depth dp (or power penetration depth) is defined as the depth below a large
plane surface of a substance at which the power density of a perpendicularly impinging,
forward propagating plane electromagnetic wave has decayed by 1/e from the surface value
(1/e is about 37 %). If tan d is smaller than about 0.5, the following simplified formula gives
97% to 100% of the correct value (Risman, 1991a):
where l0 = free space wavelength.
The absorbed power density near the surface of an infinite inhomogeneous slab is, accordingly,
approximately proportional to e" when e' does not vary very much. If tan d is greater than 0.5,
the more exact formula should be used (Risman, 1991a):
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Wave impedance and power reflection
Transmission properties, which are related to the dielectric and thermal properties of the
medium, determine the distribution of energy (Mudgett, 1995). Since e' decreases the speed of
propagation, the wavelength in the dielectric medium is shorter than in free space. This change
in wavelength leads to reflection at the interface between two media with different e'  (Nyfors
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and Vainikainen, 1989). The reflection phenomena can be analysed in terms of characteristic
wave impedances. Impedance is the ratio between the electric (E) and the magnetic (H) field
strengths (Ohlsson, 1989):
where h0 = wave impedance of free space (approximately 377 W).
The reflection and transmission at a plane boundary are primarily related to square root of
permittivity, and the main determining factor for the magnitude of reflection is from the real
permittivity (e') of the material. Errors due to neglecting e" are less than 5 % for practically all
foods (Buffler, 1993).
Characteristic impedance is important when different materials are heated simultaneously. The
characteristic impedance for the average food is about 50 W. The change in characteristic
impedances (the dielectric mismatch) at the food surface results in reflection of about 50% of
the microwave power falling on the surface. Most of this energy is reflected back to the food
via the metal cavity walls. For frozen food, the impedance matching is better, which often
results in higher power utilisation for thawing than for heating (Ohlsson, 1989).
2.2.3.  Dielectric properties of various substances
Water and model systems
Water is the major chemical constituent of nearly all food products. It is a polar solvent and the
permittivity of free water obeys the so-called Debye model. At low frequencies (static region),
where the dipoles have time to follow the variations of the changing electric field, the
permittivity is constant and it has the maximum value (e's, static permittivity). Pure water at
room temperature has a value of e's close to 80. The real permittivity is also constant at high
microwave frequencies (e'¥, permittivity for infinite frequency), where free water dipoles are
unable to follow the rapid field reversals. The value for e'¥ at room temperature is 4.3. The
h
h
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imaginary part, e", is small for both high and low frequencies; it is large only in the transition
region (Jain and Voss, 1988; Mudgett, 1995).
Because the relaxation is due to the mobility of the molecules, bound molecules have a lower
relaxation frequency than free water molecules. The static permittivity for the most tightly
bound molecules has about the same value as ice (Risman, 1988; Nyfors and Vainikainen,
1989). Since the dielectric properties of ice and water are widely different at microwave
frequencies, both e' and e" increase strongly with rising temperature during the thawing of high
water content materials, which includes most foods. After thawing, the values again decrease
with increasing temperature (Bengtsson and Risman, 1971).
Salts dissolved in aqueous solutions act as conductors in an electromagnetic field. They
simultaneously depress the permittivity and elevate the dielectric loss factor compared to the
behaviour of pure water. The depression of e' results from the binding of free water molecules
by counter-ions of dissolved salts, and the elevation of e" results from the addition of
conductive charge carriers (dissolved salts). Both e' and e" depend on the concentration of the
aqueous ionic solution. The major effect of undissolved structural or colloidal organic solids
is to exclude more dielectrically active materials (mainly water) from the total volume, thus
depressing the permittivity. The properties of undissolved food solids, and also fats and oils,
are similar to those of ice at temperatures near the freezing point and they are relatively
independent of frequency and temperature (Mudgett, 1995; Bengtsson and Risman, 1971).
The permittivity of aqueous solutions or mixtures is decreased by two mechanisms: the
replacement of water by a substance with a lower permittivity and the binding of water
molecules. When the size of inhomogeneities (particles, grains) is much smaller than the
wavelength, the effective permittivity of the mixture depends only on the shape of the
inhomogeneities, not on their size. Attempts to predict the dielectric behaviour in the
microwave range of both polar - polar or polar - non-polar mixtures have not been successful.
This is due to the complexity in deriving expressions for the local electric field that account
accurately for the dipole-dipole and dipole-induced dipole interactions (Bertolini et al., 1983).
In addition, in some cases, a mixture of two non-polar materials may exhibit the dielectric
behaviour of a polar system (Merabet, 1992).
Food materials
The influence of composition, temperature, and frequency
The dielectric properties of food products are primarily determined by their chemical
composition and, to a much lesser extent, by their physical structure. The influence of water
and salt (or ash) content depends to a large extent on the manner in which they are bound or
restricted in their movement by the other food components. This complicates the prediction of
the dielectric properties of a mixture, based on data for single ingredients (Mudgett, 1995).
There have been some attempts to predict dielectric properties of foods (Calay et al., 1995;
Datta et al. 1995). They found that although significant data exist in the literature, there was
much variability due to different measuring techniques, variations in composition, etc. Calay et
al. could establish predictive equations for selected food types and the agreement was usually
within ±15% accuracy but sometimes the discrepancy was over 30%. They could not find any
suitable general equation for all foods as the discrepancies could exceed ±40%. The
prediction of dielectric data of food mixtures from individual components is very difficult.
There is a positive correlation between e' and water content, and permittivity can be used to
quickly determine the moisture content. The correlation for e" is uncertain. A low or moderate
salt content does not modify the e' values much. Many frozen products may be viewed as
homogeneous mixtures of solids (mostly ice) and aqueous ions. For all substances with a high
water content, a sharp increase in e' and e" is observed in the melting zone and, after melting, e'
decreases with further temperature increase. For pure water, e" decreases rapidly with
increasing temperature. At higher microwave frequencies (2800 MHz) only salty foods show
an increase in e" with temperature but at lower microwave frequencies there is a general
increase in e". The effect of fat on dielectric properties appears to be that of dilution (more fat,
less water). At lower frequencies (450 and 900 MHz), the relationships appear to be similar
(Bengtsson and Risman, 1971; Ohlsson et al., 1974a).
For pure water, e' increases slightly with decreasing frequency. At lower microwave
frequencies, e' shows a sharper decrease with increasing temperature for salty foods than at
higher frequencies. For moist foods, e" increases with falling frequency as the magnitude of
conductivity losses at lower frequencies is greater. Losses due to the dipolar relaxation are
more important when moving towards higher frequencies. The net conductivity is usually
independent of frequency. The frequency at which the other losses begin to dominate
conductivity loss depends on many factors (Bengtsson and Risman, 1971; Ohlsson et al.,
1974a; Nyfors and Vainikainen, 1989).
Heating characteristics vary also with particle size, homogeneity, and distribution. For
example, laminated or fibrous structures have higher e' than do granular ones. The effects of pH
are not believed to be significant per se, at the pH levels typical in foods (Ohlsson et al.,
1974a; Nyfors and Vainikainen, 1989). The large differences in both dielectric and thermal
properties between frozen and thawed foods can cause difficulties in thawing. The effect
known as runaway heating, which means that the warm part is rapidly heating while there is
still some ice left in the rest of the food, is more complicated than is generally believed. The
thawed part of a food has a higher ½e½ and, thus, lower characteristic impedance than the
frozen part. This modifies the current paths during thawing, so that higher currents occur in high
½e½ parts, resulting in "shorting-out" of the frozen parts with a low ½e½ (Risman, 1994).
Dielectric properties of foods
The dielectric properties of some foods can be found in the literature (Tinga and Nelson, 1973;
Stuchly and Stuchly, 1980; Kent, 1987; Thuery, 1992; Datta et al., 1995) and in databases. The
most common food products have a loss factor of less than 25 and permittivity between 30 and
80, which implies a penetration depth of 0.8 to 1.5 cm. However, literature data is mostly
limited to food ingredients and their components. For complex foods, like lasagne, the
dielectric properties must be measured or estimated (Ohlsson, 1989; Buffler and Stanford,
1991; Calay et al., 1995). The dielectric properties of some foods as a function of temperature,
at 2.8 GHz, are presented in Figure 4 (Bengtsson and Risman, 1971) and Figure 5 presents a
“food map” at 2450 MHz and 20-25ºC (Buffler and Stanford, 1991).
Figure 4.  Temperature dependence of e' (a) and e” (b) for various food substances at 2.8 GHz
(Bengtsson and Risman, 1971).
The dielectric properties for bread and flour have been measured mostly at high frequencies.
Although e' varies with water content, as can be expected, temperature has only a minor effect.
Both e' and e" are low also for flours at microwave frequencies as long as water content is low
(Kent, 1987). For fats and oils, both e' and e" are very low (Bengtsson and Risman, 1971).
Ohlsson et al. (1974b) studied meat emulsions at 900 and 2800 MHz. They could not find a
simple correlation with dielectric data for fat and protein content but they found that for three-
component systems (water, fat, protein), composition of dielectric data could be determined
from triangular diagrams. The triangular diagrams can also be utilised to follow the gradual
change in dielectric data and composition in processes where water is removed. To et al.
(1974) have measured the dielectric properties for beef and turkey products at 300, 915 and
2450 MHz and they concluded that although moisture content is important, both ash and protein
content can also affect dielectric properties. For beef products, both e' and e" increase with
decreasing frequency at constant temperature; however e' decreases and e" increases with
increasing temperature at constant frequency.
a) b)
Figure 5.  Dielectric properties food map at 20-25ºC, 2450 MHz (Buffler and Stanford, 1991).
Vegetables have quite high permittivity in accordance with their high water content (Bengtsson
and Risman, 1971). For dried vegetables, e' and e" are low as the water content is low.
Roebuck et al. (1972) have studied the dielectric properties of potato starch, sucrose, glucose,
ethanol and glycerol, at 1 and 3 GHz and 25ºC. They found that, especially in an intermediate
water concentration, gelatinised potato starch has higher e' and e" values than starch in granular
form. Carbohydrates do not show appreciable dipole polarisation at microwave frequencies.
Miller et al. (1991) studied the dielectric properties of selected unmodified and chemically
modified starches. The type of chemical modification seems to have a strong influence on the
dielectric behaviour.
2.2.4.  Permittivity measurement techniques
The dielectric properties of food materials in the microwave region can be determined by
several methods using different microwave measuring sensors (Kraszewski, 1980). Methods of
measuring these properties vary even in a given frequency range.
Nyfors and Vainikainen (1989) give four groups of measurement methods: lumped circuit, free-
space, resonator, and transmission line methods. In lumped circuits, the sample is a part of the
insulator of the lumped circuit. This method can be used only at low (under 100 MHz)
frequencies. All material types, except gases, can be measured, but the method is not suitable
for very low-loss materials. At frequencies above 3 GHz, the free space method allows
measurement of the effect of a material sample on a wave propagating in the space between
two antennae.  The measurement is very similar to the transmission line method. The materials
measured must be sufficiently lossy and the samples should be quite large. The frequency range
reaches up to over 100 GHz.
A microwave resonator, partly or completely filled with a material, can also be used for the
determination of permittivity. The partially filled resonators (perturbation method) are often
calibrated with known materials. The measurement frequency range is from 50 MHz to over
100 GHz and this is one of the most commonly used measuring methods. If the sample always
has the same geometry and volume, the shift in resonant frequency can be directly related to the
permittivity. The loss factor can be determined from the change in the Q-factor of the cavity.
These methods can be very accurate and they are also sensitive enough to measure low-loss
materials (Kent and Kress-Rogers, 1987; Hewlett-Packard, 1992). The resonant cavity systems
restrict the measurements to a single frequency but, on the other hand, the ISM band regulations
already limit the choice of frequencies. Each cavity needs calibration but, once the calibration
curves have been obtained, calculations are rapid. Sample preparation is relatively easy; a
large number of samples can be measured in a short time. This method is also easily adaptable
to high (up to +140ºC) or low (-20ºC) temperatures (Risman and Bengtsson, 1971; Ohlsson
and Bengtsson, 1975).
Besides the cavity methods, there are two other popular techniques, namely open-ended
coaxial probe and transmission line methods. The probe method has a coaxial line with a tip
which is brought into contact with the material, by touching a flat face of a solid with the probe
or by immersing the probe in a liquid. The reflected signal is related to the dielectric
properties of the substance. While the method is very easy to use and it is possible to measure
the dielectric properties over a wide range of frequencies (500 MHz - 110 GHz), unfortunately
the accuracy is limited, especially when measuring low values of e' and e". In transmission line
methods a sample of the substance is put inside an enclosed transmission line. Both reflection
and transmission are measured. Although this method is more accurate and sensitive than the
probe method, it has a narrower range of frequencies. As the substance must fill the cross
section of the transmission line (coaxial or rectangular), the sample preparation is also more
difficult and time-consuming (Engelder and Buffler, 1991; Hewlett-Packard, 1992).
Time domain spectroscopy (or reflectometry) methods have been much developed in the
1980s. They cover a frequency range from 10 MHz to 10 GHz. Measurement is very rapid and
accuracy is high, within a few percent error. The sample size is very small and the substance
measured must be homogeneous. These methods are still quite expensive (Mashimo et al.,
1987).
2.2.5.  Applications of dielectric properties
The major uses for dielectric properties are for measuring and heating applications.
Permittivity and moisture content are closely correlated. When water content is high, however,
the correlation is not linear. Properly designed and calibrated electrical instruments can be
used to quickly determine the moisture content. Dielectric measurements can also be used to
measure water activity (aw), as the mobility of water is linked to aw and the dielectric
properties of water vary with its mobility (Engelder and Buffler, 1991). The measurement is
rapid and it does not destroy the substance and is therefore suitable for on-line measurements.
The presence of steam does not interfere, as it does in many other methods, but temperature has
to be strictly controlled. Because of the complexity of foods, the measuring system must be
calibrated for different foods (Ohlsson, 1987).
Dielectric properties can be used in measuring density. Dielectric properties and the quality
parameters of a substance can be correlated, for example either high frequencies or lower
(audio) frequencies can be used to measure the quality of fish and meat (Kent and Kress-
Rogers, 1987). Knowledge of dielectric properties is important in the selection of proper
packaging materials and cooking utensils and in the design of microwave heating equipment.
The dielectric properties are a basis for modelling and simulation of high frequency and
microwave heating. However, these calculations based on dielectric properties are not
sufficient to explain the heating patterns, as they are also influenced by other factors (Bengtsson
and Risman, 1971; Ohlsson, 1987; Ohlsson and Bengtsson, 2001).
2.3. OTHER FACTORS AFFECTING MICROWAVE HEATING
Besides the electromagnetic properties many other factors affect how foods are heated by
microwaves. Among these properties are the thermal properties of foods, the initial
temperature of food, size and shape of the product, and size, shape, and position of components
within the food, the packaging, and the microwave oven (James, 1993). According to Buffler
and Stanford (1991) two major effects influence the heating patterns in microwave heated
foods: in some cases the pattern is dominated by the hot and cold spot phenomenon, and under
certain circumstances there is a combination of geometry and oven dependence.
The initial temperature of the food influences the heating time. If the food is frozen the needed
heating time is much longer than if the food is refrigerated or at ambient temperature. However,
the difference in the heating time between refrigerated and ambient temperature food is not
obvious. The heating rate of the components in a multicomponent product can be modified by
component layout (arrangement). Components can shield each other; foods in close contact
need more time to heat than those placed separately. In some experiments component layout
could, in the worst cases, result in temperature differences up to 70ºC while in another layout
the difference was only 15ºC (Thorsell, 1994). Temperature may affect even the structure of
food, e.g. when starch is gelatinised, and this in turn affects the free water content (George and
Burnett, 1991).
In contrast to conventional heating methods, in microwave heating the oven and surrounding air
are cooler than the products when its cooks. As moisture is evaporated into a cool environment
the surface of the food remains below the boiling temperature of water. The surface
temperature depends on the rate of evaporative cooling. Microwave heating of itself does not
cause any differences in cooling rates compared to conventionally heated foods (Buffler,
1991).
2.3.1. Thermal and mechanical properties 
After microwave energy has penetrated the product, two thermal properties (thermal
conductivity, k, and specific heat capacity, cp,) and two mechanical properties (density for
solid, and viscosity for liquid products) determine how the product will be heated (Buffler,
1993). The heating rate depends on the thermal properties while absorbed power on the
dielectric properties. Buffler and Stanford (1991) recommend therefore that in multicomponent
products, which may have widely differing dielectric and thermal properties, it is necessary to
balance both the thermal and dielectric properties in order to get more even temperature
distribution. Usually it is more fruitful to adjust specific heat capacity than the dielectric
properties. However, if this is done by for example altering the water content, this will in turn
affect the dielectric properties.
Viscosity affects how a product will flow and in general, a higher viscosity reduces the rate of
heat transfer and hence produces more uneven heat distribution (George, 1993). Thermal
diffusivity depends on density, specific heat capacity, and thermal conductivity, and it denotes
how rapidly a heat front diffuses through a food product. Foods with high thermal diffusivity
tend to equilibrate hot and cold spots. Unfrozen foods have mostly values within a narrow
range. Foods will be heated with similar thermal profiles if microwave energy is deposited
within them in an identical manner (Buffler, 1993).
2.3.2. Shape and size of the foods
The influence of product geometry is often underestimated compared to the attention given to
the dielectric properties. Foods with slab geometry are difficult to heat due to overheating of
corners and edges. These affect the energy distribution so that energy concentrates around the
corner or edge and the centre area tends to remain cold. The shorter the penetration depth the
more pronounced the overheating is. Oval or circular shapes reduce this problem. This edge
heating effect, which is also caused by diffraction, is non-resonant and it is stronger in some
oven models than in others, and the phenomenon is often the dominant type of uneven heating
(Risman et al., 1987; Ohlsson, 1990; Buffler, 1993).
Edge overheating is a common problem with foods. Sundberg (1998) has studied which factors
determine the phenomenon. The overheating is caused by TM (transverse magnetic) polarised
fields whereas TE (transverse electric) polarised fields do not create this problem. Increasing
permittivity strengthens the overheating. The size of the food does not have any significant
effect but the radius of the edge has a strong effect; the power density at the edge decreases
with an increasing opening angle. If two blocks of food are near each other (less than 2 cm) the
edge overheating may decrease but if the separation gets larger the overheating may exceed that
of an isolated block.
In cylindrical and spherical foods the microwaves may concentrate at the centre. This focusing
phenomenon does not occur with flat, rectilinear geometries. If the penetration depth (dp) is
small compared with the dimensions of food, most of the energy is absorbed near the surface
leaving the centre cold. If dp is intermediate, reasonable amounts of energy reach the centre and
focusing occurs. Ohlsson and Risman (1978) have demonstrated this with model foods and IR
imaging. Figure 6 shows the power level near the centre and surface as a function of diameter.
The internal focusing effect is caused by diffraction and this phenomenon is dominant for
relatively small food dimensions. Probably the best known example is an egg which
"explodes" when heated in a microwave oven. The power density near the centre of the egg is
much higher than in other parts and this causes violent shattering as the interior becomes
superheated (Risman et al., 1987).
Figure 6. The effect of the diameter on the relative microwave power levels (P/Pav) near center and at
surface of a) spheres and b) cylinders (Ohlsson and Risman, 1978).
Generally, twice the amount of food needs double the heating time in a microwave oven.
However, the oven output power is measured with a water load of 1000 g, and the power
output is reduced when the load is smaller. The reduction depends of the amount of food, the
package, and the oven itself. This also means that up to certain loads, greater amounts of foods
are heated more efficiently. The position of the food in the microwave oven influence the
power delivered into the product (James, 1993; George and Burnett, 1991).
2.3.3. Packaging
Microwave heating is affected also by packaging composition and geometry. Active packages
change the electric or magnetic field configuration and thus the heating pattern of the food
product. Passive packages are transparent to microwaves and they do not remarkably affect the
heating pattern. Thin materials with low losses do not either absorb or reflect microwaves.
The ideal shape of packages is usually round or oval with vertical sides and rounded edges.
Rectangular packages should also have rounded corners and edges. (Buffler, 1993; Ohlsson
and Bengtsson, 2001).
Important requirements for packages for microwave heating are the following: the package
should be stable at temperatures between –20 and 120ºC, it should be grease- and waterproof
and protect the food during transport and storage, it should be stable and easy to handle even
after heating and the lid must be easy to remove. Of course, the package must be suitable with
regard to health and sensory aspects. For combination ovens the material shall withstand oven
temperatures up to 250ºC. Foods rich in fat and sugar may also develop high local
temperatures during microwave heating only. The material should be microwave transparent,
except when it is used to shield the food or to modify the microwave field. The most commonly
used microwave transparent materials are plastic packages (mono- or multi-layer polymers),
plastic-coated cardboard or fibre trays, and glass packages (Ahvenainen et al. 1989; Buffler,
1993; Thorsell, 1994; Ohlsson and Bengtsson, 2001).
Fibreboard-based trays are commonly used for microwavable foods. However, there may be
migration of off-odours and off-flavours from fibreboard to food, even from a plastic coated
material. The type and thickness of plastic coating and the materials has to be chosen with the
food to be packed in mind. Certain packages may cause problems with jumping and splashing
depending on the type of food and shape of the package. To avoid this, it is recommended for
example, to heat foods in glass jars with reduced power (Ahvenainen and Heiniö, 1993;
Heiniö et al. 1993).
Earlier it was recommended not to use metal in microwave oven as the reflected energy could
possibly damage the microwave generator, the magnetron. Nowadays the magnetrons are better
shielded and metal (mostly aluminium) containers with transparent lid or no lid can be used.
However, the package must be positioned so that it does not come to close contact with oven
walls, as this causes discharges. Ohlsson and Risman (1991) showed that compared to
microwave transparent materials the total temperature distribution was more uniform in
aluminium containers. Aluminium also shielded corners and edges from overheating. The same
result was confirmed by Ahvenainen and Heiniö (1992), who concluded that aluminium trays
were suitable for heating of casserole-type foods, and for frozen products even better than
plastic ones. In some cases, the bottom parts and edges of metal trays did not even receive
sufficient heating (Ohlsson and Risman, 1991). The heating time of food in an aluminium
container is longer than in a transparent package. In metal packages the product thickness
should not excess 20 mm. A metal dish or foil can be used to shield parts of the food but for
some products it is desirable to shield the majority of the food and allow only small portion of
microwaves to enter the package. This can be achieved by providing holes in a metal package
(Buffler, 1993).
Active packages contain metal foil or strips which modify the microwave field and result in a
more uniform heating or browning of a food product. Rosenkranz and Higgins (1987) review
the technology of microwave absorbing materials. To achieve browning or crisping, there are
two classes of technologies to use: susceptors and field intensification devices. Susceptors are
materials that absorb microwaves and transfer the heat to the product and the other group
consists of systems that focus and intensify the microwave field and thus selectively heat parts
of the food product. Keefer and Ball (1992) present several devices which have been designed
to improve the heating uniformity of foods. The major part of the active packaging market is
susceptor packaging for popcorn, pizza, pies and breaded products.
Susceptors can be further divided into resistive metal and ferromagnetic coatings. The latter
type uses the magnetic part of a microwave field to achieve a cooking effect. As the
temperature of a ferromagnetic material rises and reaches the so-called Curie temperature, the
magnetic state changes from ferromagnetic to paramagnetic and the material does not respond
to the magnetic field (Rosenkranz and Higgins, 1987). The resistive type of susceptors consists
of a thin metallic (aluminium) film deposited in a vacuum on a PET film substrate with a
paperboard stock. The thickness of the metal film is 25-50 nm and at this thickness a
substantial amount of microwave energy is absorbed and converted to heat. When the susceptor
material is not in close contact with food the susceptor temperature may exceed 230ºC. One
severe problem is that if temperature rises higher charring and burning of paperboard can
occur. Susceptors have also been made of other metals such as stainless steel and titanium by a
method called sputtering. These types of susceptors are more expensive and not as widely used
as vacuum-deposited aluminium films (Lentz and Crossett, 1988; Buffler, 1993; Siu and
Herrman, 1993). There are many other packaging inventions and patents for microwaveable
foods and Decareau (1992) have presented several of them in his book.
2.3.4. Microwave oven and power measurements
Household and institutional microwave ovens operate at the frequency of 2450 MHz. The
lower microwave frequency (915 MHz in the America or 896 MHz in the United Kingdom) is
currently only used for industrial applications. The principal construction of a household
microwave oven is shown in Figure 7. A typical oven requires about 4 kV current which is fed
to the microwave generator, called a magnetron. A waveguide leads the generated microwaves
either directly into the oven cavity or first into a feedbox with a mode stirrer, which is a
metallic fan blade that rotates within the feedbox. The stirrer is used to reduce the effect of hot
and cold spots through modifying the field pattern in the oven. Alternatively, a rotating
turntable can be used. To further reduce non-uniform heating, most ovens have a microwave
transparent shelf, which elevates the food from the metallic bottom (Buffler, 1993; Ohlsson and
Bengtsson, 2001). The output power of the household microwave ovens is normally 600-800
W, of which about 90% is absorbed into the food material and 10% is reflected back to
magnetron. If the amount of food is smaller than 500 g the reflected part may rise up to 40-
50%, especially in low-cost ovens with smaller cavities (Risman, 1989).
In the oven cavity, microwaves are reflected back from walls and standing wave patterns are
generated. The field is not evenly distributed but has a pattern with maxima and minima. The
pattern in an empty oven depends on the oven dimensions and is modified by a mode stirrer.
Typically three to six cavity volume modes exist in microwave ovens with a stirrer and fewer
in ovens with a rotating turntable. The modes (electromagnetic fields) have different
polarisations and propagation directions and the polarity determines the amount of reflected
and transmitted part of energy. For a TM (transverse magnetic field) polarised wave the
reflection factor has a minimum at a high angle of incidence while for TE (transverse electric
field) polarised the situation is vice versa. Certain TM modes cause much less overheating of
horizontal food edges than TE modes and they are common in “well-behaved” microwave
ovens. They are also non-resonant, which means that they are not very sensitive to changes in
the food dimensions. Heating from below, called under-heating, cannot be achieved by the
cavity volume modes. These so-called confined modes (under-heating modes) are of great
importance for more uniform heating and smaller waste of energy by evaporation. Better
heating of low permittivity foods, such as frozen products, may be obtained by raising them by
a couple of centimetres, although this does not work well for high-permittivity foods. (Risman,
1992a; Risman, 1994; Ohlsson and Bengtsson, 2001).
Figure 7. The household microwave oven (based on Risman, 1989).
There is considerable variation of electric field inside the microwave oven cavity. In general,
more expensive ovens tend to have a well-designed stirrer or a turntable and more uniform
field distribution, while low-cost ovens have more hot and cold spots (Buffler, 1993).
Analysis of field patterns in a microwave oven and their interaction with typical foods is very
complicated. When material is put into the cavity the field distribution will change compared
to that of an empty oven depending on the food composition and geometry, the package and the
positioning of the food. (Risman, 1992a; Ohlsson and Bengtsson, 2001).
Knowledge of all phenomena determining the efficiency and distribution of microwave heating
is essential for proper assessment of the performance of ovens and foods (Risman, 1993b).
Many methods have been proposed for determining both the oven field pattern and measuring
the microwave power output. Oven field distribution has been determined by e.g. using layers
of homogeneous food materials or model substances and measuring the temperature distribution
after a certain heating time. Model substances can visualise the temperature by changing
colour, or temperature of the product surface can be monitored by IR imaging. Food geometry
and composition affect the microwave power distribution, and therefore test loads should be
similar when evaluating the heating performance for food products. (Ohlsson and Bengtsson,
2001). The International Electrotechnical Commission (IEC) has worked with microwave oven
1 = food load
2 = door
3 = magnetron
4 = waveguide
5 = stirrer
6 = power supply
performance testing and it has issued a standard including cooking, defrosting, and heating tests
(IEC International Standard, 1999). It should be noticed that the determinations are carried out
in room temperature ovens; within about one minute, the power delivered in the food may be
reduced 20-35% due to magnetron and power supply heat-up after only a few minutes of
operation. Also the voltage input affects the output power. The variation allowed at the power
supply is ± 6% in the UK and this may change the power delivered into the food typically ±
10% but may be over 30% (James, 1993; Risman, 2002).
2.4. MODELLING AND SIMULATION OF MICROWAVE HEATING
Design of food products for microwave heating requires knowledge on fundamentals of
microwave heating and many experiments. Mathematical modelling can reduce the time-
consuming experimental part. If models can successfully simulate the heating behaviour of food
in a microwave oven, the effects of composition, geometry, and packaging changes can be
tested without the cost of sample preparation and testing. Maxwell’s equations can be used to
calculate the exact electric and magnetic field configuration within the product if the
configuration of microwave oven cavity, dielectric properties, and product geometry are
exactly known. With the knowledge of physical and thermal properties of the product, and the
cooling conditions, the heating pattern could be determined. However, the exact solution of
Maxwell’s equations could only be obtained in special cases (Buffler, 1993). Generally, a
numerical method has to be used.
The alternative solution is to use modelling; the technique breaks down the oven cavity and
food geometries into small cells and Maxwell’s equations can be approximated and solved for
each cell (Buffler, 1993). Earlier the computational capacity has limited modelling, and still
today a complete optimisation requires a vast number of simulations. There are many
numerical methods but the most common of them are the finite difference time domain  (FDTD)
method, the finite element time domain (FETD) method, and the moment method (MM). To
provide the temperature distribution within the product these models can be combined with
thermal simulations. If food has a high permittivity, this may cause stability problems and poor
accuracy especially when using the finite element (FEM) or moment methods (Sundberg, 1998;
Wäppling-Raaholt, 2000). Today, the FDTD method seems to be more promising than FEM,
especially when comparing the time needed for simulations (Celuch-Marcysiak et al, 2000).
Wäppling-Raaholt et al. (2001) used a multi-disciplinary simulation and optimisation method
and simulated two types of food products: a compact ready meal (lasagne) and a three-
component ready meal. As a complete optimisation of the products would have required
thousands of simulations, a method based on fractional factorial design was developed to find
the optimal settings of several variables. The results showed that this method has great
potential in optimisation of food products, food packages, and heating appliances.
2.5. TEMPERATURE AND WATER MEASUREMENTS IN MICROWAVE HEATING
2.5.1. Temperature measurement
The control of temperature distribution during microwave heating is important for the quality
and safety of the product. Most conventional temperature measurement systems
(thermocouples, thermistors etc.) cannot be used to measure the heating process in microwave
ovens due to high electric fields, which cause interference or even failure of the sensor, unless
they are protected by complex shielding (Richardson, 1989).  Non-perturbing and non-intrusive
temperature sensing systems have been developed. The majority of this work has been done by
bio-medical engineers, but the temperatures used have been mainly lower than those used in
food processing. Ofoli (1986) has reviewed thermometers used at high frequency and in the
microwave area. Thermistors and thermocouples are mainly used in heat transfer studies, as
they are readily available and inexpensive. However, due to their interference with
electromagnetic field there have been many attempts to develop shielded sensors (Bond et al.,
1981; van de Voort et al.,1987).
Alternative methods have been developed for measuring temperature during microwave
heating. One of the most used methods is the fibre optic temperature measurement system. The
measurement is based on a light signal which is sent to the tip of the fibre. In the sensing head,
a transformation takes place and this temperature dependent change is then monitored.
Wickersheim and Sun (1986) have given a more detailed description of one of the fibre optic
systems. There are a few manufacturers of the fibre optic systems and Mullin and Bows (1993)
have briefly described the systems available. The main disadvantage of the fibre optic systems
is the price; systems are very expensive and also the fibres are fragile and may be difficult to
place in a certain position in foods. A hole needs to be drilled through the oven wall when the
fibres are used in a household microwave oven. Since the probes only provide a temperature
measurement at a discrete point, the method has poor spatial resolution. If the oven has a
rotating turntable a special system is needed for data collection (James, 1993).
Optical systems are generally immune to the problems typical for thermocouples. Ofoli (1986)
describes several systems based on optical techniques: optical probes (Rozzell et al. 1974),
liquid crystal systems, a thermometer based on photoluminescent, and infrared methods.
Infrared imaging (or IR thermography) is probably best known of these methods. It provides a
means of observing temperature distribution over a surface of a body. The principle of this
method is the fact that all bodies emit electromagnetic radiation, and between the temperatures
used in food processing the maximum intensity occurs at infrared region (about 6-13 µm).
Commercial thermography systems operate between 3 and 5 µm or 8 and 14 µm, and within
these wavebands radiated energy is proportional to the temperature of the object (Bows,
1992).
It is possible to obtain more temperature data by IR imaging than by a fibre optic system, but
this system is even far more expensive. The main advantage is that it makes it possible to look
at complex heating patterns, e.g. how much of a product is at a given temperature and to follow
the product in real time during the heating process. Although it measures only the surface
temperature, Bows (1992) claims that it can be used to infer internal heating patterns, too. The
temperature patterns in microwave heating are very difficult to predict and infrared imaging
can help to determine and select the sites for measuring temperature by other systems (e.g. fibre
optic method). The IR imaging is also a non-invasive method (Mullin and Bows, 1993).
Nott and Hall (1999) have a review on temperature validation of foods and they concentrated
on process tomography. Sun et al. (1993) described temperature mapping of foods using
magnetic resonance imaging (MRI). MRI is perhaps most useful in capturing heating patterns
and this enables characterisation of microwave heating. The magnitude of a MRI image is a
function of the MRI responses of the protons of the water or fat content, as well as their
relaxation times (T1 and T2). MRI can therefore provide a spatial map of the distribution and
structural heterogeneity. However, structural changes during thermal processing also cause
changes in relaxation times and, therefore, calibration will be difficult to heterogeneous
systems (Nott et al., 1999). Kantt et al. (1997) compared chemical shift MRI with T1-weighted
temperature mapping and they concluded that chemical shift imaging (phase mapping) was
more reliable for heterogeneous foods. Phase mapping uses the sensitivity of water proton
chemical shift to temperature. Nott et al. (1999) validated, compared and contrasted the MRI
phase mapping with IR imaging. They stated that MRI can map complex heating patterns in
three dimensions and this cannot be achieved by any other technique. It can also detect voids in
the sample, the method is non-invasive and can be used to make serial or repeated studies.
Richardson and Povey (1990) describe a non-invasive and non-intrusive temperatures sensing
method which uses an ultrasonic sensor. The variation of the velocity of ultrasound is
dependent on the temperature of the body. They tested both an invasive and a non-invasive
sensor; the non-invasive sensor is appealing as it is totally hygienic and could be used e.g. in
aseptic processing. They stressed however, that this method is not likely to be a strap-on
device because of the need for careful engineering of the temperature measurement cell.
Conventional methods can be used for measuring temperature after microwave heating. Most
types of single-point temperature measurement sensors can be used but the sensors may have
appreciable response times and the food temperature can change rapidly. In this case, an array
of sensors that can simultaneously be introduced into the meal can be constructed, a so called
“temperature hedgehog”. This system gives a more repeatable and reliable method than single-
point temperature measurement sensors. The probes need to be thin and of material with low
thermal conductivity. The reliably determining of time-temperature history of a food product is
possible by combining more than one method of temperature measurement (James, 1993).
Model substances for determining temperature distribution in microwave heating have been
developed (Risman et al., 1993, Sakai et al., 1996). In microwave heating studies it is often
sufficient that the dielectric properties represent those of food. There are both solid and liquid
model substances. The most useful substances are those which show the temperature
distribution directly visually, for example by changing colour due to temperature changes.
Time-Temperature Integrators (TTI’s) are microbiological, enzymatic, chemical or physical
markers and their response can be related to their time-temperature history (van Loey et al.,
1996).
2.5.2. Water content measurement
Water content distribution in a food product can be measured by near infrared reflectance
(NIR), nuclear magnetic resonance imaging (NMR), and computer tomography (CT). The last
two methods give cross sections of the water distribution (Morris, 1986; Webb, 1988; Attard
et al., 1991). However, it is often difficult to measure the conditions during the heating
process.  A method and an instrument for measuring local water content and thus water
transport inside foods during heat processing has been developed and evaluated at SIK
(Thorvaldsson and Skjöldebrand, 1996; Thorvaldsson 1998). This method uses a NIR in
combination with fibre optics.
The NIR-light is sent into the sample through an optic fibre, which is made of dielectrically
inactive material, and the intensity of the reflected light is measured. Water has several
absorption peaks at near infrared region, but the peaks at 1.45 and 1.94 µm are best suited for
these measurements. The probe is 3 mm in diameter and the measured sample volume is 2-3
mm3. The instrument has to be specially calibrated for each food material to be measured.
Thorvaldsson and Skjöldebrand (1996) showed that the fibre optic instrument is well suited
for dynamic studies (e.g. heating and drying) where the probe is placed at the same site during
the whole measurement. The instrument is very sensitive to the structure of the material;
quantitative measurements can be made if the structure is very homogenous. The measured
water content is also strongly affected by the sample temperature and to obtain the true water
content, the measured water content has to be corrected in accordance with the measured
temperature dependence.
2.6. SENSORY AND NUTRITIONAL PROPERTIES OF MICROWAVE HEATED
FOODS
Recent research on microwave heating and sensory properties is focused on drying or other
processing of foods, rather than on household applications. Most of the research on sensory
properties of microwave heated foods in households has concentrated on comparison between
conventional heating and microwave cooking or reheating. The majority of these studies have
been on cooking or reheating of meat or vegetables. Comparison between the different studies
showed a great variability in experimental designs and the results obtained. Ohlsson and
Åström (1982) have reviewed the literature on sensory and nutritional quality in microwave
cooking with an emphasis on the proper way of comparing microwave and other cooking
methods. Techniques used for sensory evaluation vary from simple difference tests to tests with
highly trained panel. Even large consumer panels have been used.
Ohlsson and Åström (1982) noticed that early research indicated an inferior quality of
microwave cooked meat but many later, better-controlled studies showed that microwave
cooking compares favourably to conventional cooking. The lack of browning in moist cooking
methods compared to dry cooking makes an obvious difference; microwave cooking belongs to
the first category.  There were no differences in tenderness in beef between the different
methods if the final internal temperature was the same. Howat et al. (1987) substantiated the
results when comparing roasts cooked by different methods. The overall acceptability was the
same, except the differences in surface colour and appearance. Colour, appearance, and
flavour of microwave cooked vegetables were judged to be the same or better than in
conventionally boiled vegetables, but only very few texture differences have been found.
Comparisons of the sensory quality of prepared foods are very few and the variations in the
methods are large. Cipra et al. (1971) evaluated the eating quality and measured some physical
characteristics of precooked turkey reheated in microwave and gas ovens. They found that
microwave reheating resulted in more intense turkey flavour and less stale flavour compared to
turkey reheated in a gas oven. No differences in physical properties (pH, juiciness, colour, or
tenderness) were found. Barbeau and Schnepf (1988) compared microwave, microwave-
convection, and electric-convection oven in the cooking of chickens. They used both an
untrained sensory panel (consumer panel) and a trained laboratory panel. The consumer panel
judged the samples cooked by microwave-convection to be more acceptable in terms of
juiciness than the microwave cooked samples. The trained panel rated the chicken cooked in
the conventional oven as more tender and juicy than the microwave or microwave-convection
cooked ones.
Some authors have studied warmed-over flavour (WOF) in meat. WOF, or reheated flavour, in
meat products is caused by the oxidation of fatty acids. Johnston and Baldwin (1980) found no
difference in WOF when comparing microwave reheated roast beef slices to conventionally
reheated. Satyanarayan and Honikel (1992) reported that microwave cooking of pork produced
the maximum WOF compared to other methods (pan-frying, grilling, conventional cooking in
water) while Albrecht and Baldwin (1982) found that the intensity of warmed-over flavour and
aroma increased in reheating but there were no differences between the methods used.
Research on sensory properties of microwave heated ready meals and how the serving
temperature and temperature uniformity affect these properties or consumer acceptance could
not be found in the literature.
Serving temperature is an important factor affecting food acceptability. Cultural learning
influences the perception of the most pleasant serving temperature of foods (Zellner et al.,
1988). For example, Cardello and Maller (1982) showed that the acceptability varied
depending on the food and the serving temperature. If the serving temperature is much over
70ºC acceptability decreases as too high temperatures cause pain sensation (Sinclair, 1981).
Temperature affects also other sensory properties such as the odour and texture of foods
(Kähkönen et al., 1995). Temperature distribution in a microwave heated food can be very
uneven which probably affects the pleasantness or acceptability of the food.
Comparisons have been made between microwave and conventionally heating on the
nutritional quality of foods, but they have mainly concentrated on cooking or baking. Only a
few of them have focused on reheating of products. Higher retention of vitamin C and vitamins
of the group B have been reported when microwave heating was compared to conventional
methods due to shorter heating time and smaller amount of water used in cooking. Microwave
heating seems to aid in the retention of proteins and, in some cases, the quality of protein has
been reported to be more favourable (Tsen et al., 1977; Cross and Fung, 1982; Ohlsson and
Åström, 1982; de la Cruz-Garcia et al., 1999;). Davies et al. (1993) found that microwave
cooked beefburgers contained less bacterial mutagens than traditionally fried ones. Albrecht
and Baldwin (1982) compared three methods of reheating but they found no differences in
thiamin retention between the methods. It is unlikely that microwave reheating of prepared
foods will be a problem from the nutritional viewpoint if the product is not strongly
overcooked. Microwave reheating may even offer a better solution compared to warm-holding
in catering.
2.7. PRODUCT DEVELOPMENT OF MICROWAVE READY MEALS
Although microwave ovens were already developed during 1950s they became more familiar
to consumer during the 1970s as the price and size of the oven decreased. By the 1980s,
virtually all fast foods were labelled as microwaveable and many manufacturers offered
packages as microwaveable or safe for microwave heating. However, the foods in these
packages did not heat uniformly. At the same time came dual-ovenable packaging. One of the
most successful products from these times was and is still microwaveable popcorn which uses
susceptor technology. Only relatively few products using susceptors have survived. During the
1990s the product development of microwaveable foods was diminished; in the USA the new
product introduction of microwaveable foods curtailed to a level of 5-6% of that of 1992.
However, now microwaveable foods seem to have a return (Decareau, 1992; Shukla, 1998;
Brody, 2001). Both in North America and in Europe one of the key themes in product
development is convenience. Chilled ready meals have increased their market while frozen
meals have suffered as consumers perceive chilled products as higher quality, greater
convenience, and more innovative. The top food trends seem to predict that creative
convenience, freshness, close to natural, quality, and culinary sophistication will remain
critical product criteria for consumers (Birks, 1999; Jago, 1999; Sloan, 2001).
In the late 1980s and in the beginning 1990s one of the major concerns was associated with
microbiological risks of microwave heated foods. If the food was contaminated with food-
poisoning microorganisms the harmful microbes could survive due to non-uniform temperature
distribution. According to a British recommendation the food should receive a minimum
heating which ensures that every point of the food reaches a temperature of 70ºC for two
minutes (Dealler et al., 1990). If this recommendation is the basic requirement the sensory
quality of the product may suffer as parts of the food can get too much energy. This problem of
food poisonings, which have been alleged to increase due to increased used of microwave
ovens, has mainly stayed in the UK (Risman, 1993a). When the food is pathogen free, the
minimum temperature requirement is based on consumers' acceptance, and this requirement is
more difficult to define (James, 1993). The food and microwave oven industries have
attempted to solve these problems and have worked with food product and package design,
characterisation of household microwave ovens, and the development of heating instructions
(George, 1993).
Food scientists developing a microwave product should have a good knowledge of the
fundamental mechanisms of microwave heating and the interaction of microwaves with
materials. As Schiffmann pointed out already in 1982, the technology is difficult, subtle and
often not well understood. He also recommended a close co-operation with packaging
materials manufacturers. Buffler (1993) divides the microwave product development into three
steps: 1) characterisation of the microwave oven, 2) measurement of product parameters, and
3) product testing. He recommends the use of several types (minimum six, recommended nine)
of microwave ovens as consumers have a wide variety of ovens. The characteristics of each
oven must be known, such as oven power, power versus initial operating time and versus load
volume, oven pattern, time base and duty cycle. It is also important to know the line voltage of
the laboratory doing the testing.
There is not much literature dealing with the design of dinners for microwave heating but some
general guidelines have been published. Component layout can be a useful tool in developing
microwaveable food (Ohlsson and Thorsell, 1984; Bows and Richardson, 1989; Thorsell
1994). Decareau (1992) recommended strongly a careful review of the literature, especially
the earlier literature as a background to product development.
According to George and Burnett (1991) the important factors to be considered in the choice of
suitable food components for microwave heated meals are physical, chemical, and sensory
properties of foods. Most of the physical properties of major importance have been discussed
earlier in this literature review. Chemical composition affects the dielectric properties but also
other properties. Fats have very low dielectric properties but still can reach high temperatures.
The specific heat capacity of fats is much lower than that of water and therefore fat will heat
faster. Carbohydrates and proteins tend to bind water, which leads to depression of dielectric
properties and heating rate. Salts and some other food ingredients elevate the loss factor of
foods and thus lower the penetration depth and cause more pronounced surface heating
(Ohlsson and Bengtsson, 2001).
One obvious difference compared to conventional heating methods is the lack of surface
browning or crisping. In microwave heating the surface temperature usually remains low and
more moist compared to conventional heated product, thus the Maillard reactions which create
the colour and flavour in oven baked products, do not occur or proceed very slowly. One
solution is to use a combination oven with hot air or radiation, or to use susceptors. Special
food ingredients, which react at lower temperatures and give surface browning, have been
developed. (George and Burnett, 1991; Ohlsson and Bengtsson, 2001).
The effect of microwave heating on flavour of foods varies; in some cases the flavour is
perceived as stronger or better while sometimes the microwave heated foods are described as
flavourless. The flavour industry has even developed special microwave flavours which can
mask the warmed-over flavour (Anon, 1990; Sinton, 1997; Ohlsson and Bengtsson, 2001). As
short cooking times and low temperatures do not induce the Maillard reaction, flavour
enhancement and retention are great challenges in developing a microwavable product.
Conventionally baked or cooked products contain more nutty, brown and caramel-type aromas,
whereas microwave heated products are dominated by green vegetable flavours (Yeo and
Shibamoto, 1991). Flavour can be encapsulated to ensure a controlled release during the
heating period, as flavours are susceptible to steam distillation during heating. The majority of
low-boiling flavours may be lost during microwave heating and this causes an imbalance in
flavour concentrations compared to conventionally heated products. Complex carbohydrates
and flavour carriers can have an essential role in the protection and retention of flavour
(Whorton and Reineccius, 1990).
Temperature and time affect both the flavour and texture and as the heating time is short in
microwave heating the development of the desired flavour or texture may require special
actions. The different time-temperature combination compared to conventional heating results
in a different moisture gradient, too. Conventional formulations of prebaked bread and bread-
like doughs develop unacceptable textures when heated in microwave oven (Shukla, 1993). In
multicomponent products, the bread component becomes soggy and rubbery. If exposure to
microwaves lasts too long the result is a tough and rubbery crumb. The reason for toughness is
not well understood (Persaud et al., 1990). In coated (battered) products the technical
challenges are water migration, too little surface evaporation and lack of browning
(Darrington, 1991). Many ingredients affect or are proposed to have an effect on how a food
product heats in a microwave oven; these ingredients are starches, sugars and honey, free
amino acids and proteins, phosphates, polyols etc. (Carroll, 1989; Anon, 1990; Anon, 1991;
Kevin, 1994; Shukla, 1998).
Product development should always be combined with package development and the testing in
different types of microwave ovens. Bows (2000) has created a classification system based on
the applicator type (structure which applies the microwave energy to the food) and so called
electrical size of a product. The electrical size compares the characteristic dimensions of a
product to the penetration depth. This classification system may help in better understanding of
microwave heating or find factors for controlling the heating result. Recent research done on
simulation of microwave heating of foods indicate that simulation can be of great help in
optimisation of food products and packages, as well as microwave ovens (Wäppling-Raaholt
et al. 2001).
The definition of quality consists of several different factors: hygienic quality, nutritional
quality, and sensory quality (Bengtsson, 1989). Also, the definition may be different depending
on whether it is defined by an expert or by consumers. In developing food products or finding a
suitable package, sensory evaluation is needed as shown by Heiniö et al (1993).
3. OBJECTIVES
The eating quality of microwave heated foods depends much on the end temperature of the
product. One of the most important, but at the same time most difficult, aspects in microwave
heating is to achieve a controlled temperature rise and a desirable temperature distribution in
the product. As James (1993) pointed out, it is difficult to quantify the influence of factors
affecting the uniformity of microwave heating of foods. The lack of quantifiable data is at least
partly due to the difficulties in measuring temperature distribution and the interaction between
oven and the food. There are some general guidelines for microwaveable products.  However,
no research that has tried to quantify the factors affecting microwave heating has been found in
the literature so far.
One clear problem when heating bread products in a microwave oven is the high heating rate
combined with a non-conventional temperature distribution, which leads to differences in
water distribution compared to conventionally heated bread. The result is poor quality, a soggy
or even tough product, but the primary reason for this is not well known. Therefore, monitoring
and controlling water transport could offer tools to eventually master the undesirable changes
and to develop high quality products. There have not been many methods to follow water
movement in foods during heating but a new system, based on NIR-technology, has been
developed and the system is claimed to be suitable also for measurements in a microwave
field.
Consumers are the ultimate judges of the quality of foods. As the instrumentally measured
properties do not necessarily correlate with the consumers’ perception, sensory evaluation and
consumer panels are essential in defining the product quality.
The overall objective of the study was to find ways to improve the quality of microwave
heated multicomponent foods by ensuring more uniform temperature distribution, and to add to
the knowledge about how the products behave during microwave heating and how the serving
temperature and temperature uniformity affect the pleasantness of the products. The specific
aims of the study were:
1. to measure the dielectric properties of some food ingredients and food components (I, II, III)
in order to select the best suitable ingredients for microwave food products,
2. to measure how chemical and physical modifications affected the temperature distribution in
selected prepared foods (II, III),
3. to evaluate the suitability of a new NIR water measurement system and to measure how
water moves during microwave heating (unpublished results).
4. to develop a simple model for heating of a layered product (III), and compare it to
experimental results and numerical modelling, and
5. to evaluate how serving temperature affects the pleasantness of meal components and how a
consumer panel perceives the non-uniform heat distribution in microwave heated ready meals
(IV)
4. MATERIALS AND METHODS
More detailed descriptions of the materials and methods are given in the original publications
(I-IV). Table 1 presents a summary of the factors studied and the methods of analysis used in
the experiments.
Table 1. The factors studied and the methods of analysis used in the experiments.
Ready meal Hamburger
Factors Salt content X X
Salt with fine crystal size X
Sucrose-starch addition X
Size of meat patty X
Geometry of components X
Placement of components X
Type of tray X
Methods of analysis Dielectric properties X X
IR-imaging (temperature) X
Thermocouples (temperature) X X
Fibre optic (temperature) X X
Modelling X
Water measurement X
Sensory/consumer analysis X
4.1. DIELECTRIC PROPERTIES
4.1.1. Materials
The dielectric properties of four native starch solutions were measured in study I. The starches
supplied by Lyckeby Stärkelsen (Kristianstad, Sweden) were potato, wheat, corn, and waxy
corn. Deionised water was added to comprise 95, 90, 80 and 70% of the weight of the starch-
water solution. For waxy corn only 95 and 90% were used. The initial moisture content of the
starches was about 15%, except for potato starch 20% (Svegmark and Hermansson, 1991).
Glass sample tubes were filled with starch-water solution placed in the measuring cabinet
directly (non-gelatinised) or after gelatinisation. Three replicates were prepared for each
sample and permittivities were measured at 3, 20, 60, 80, and 94ºC.
The dielectric properties of the meal components (mashed potato, sauce, meat patty, and
carrots) and hamburger components (hamburger bun and meat patty) were measured at 3, 20,
60, 80, and 95ºC (II, III). Three samples of each component were measured in triplicate at each
temperature. Penetration depth of all the meal components was calculated from the dielectric
properties as presented by Risman (1991a) (see chapter 2.2.2.).
4.1.2. Method
The dielectric properties were measured by a cavity perturbation technique described by
Risman and Bengtsson (1971) and Ohlsson and Bengtsson (1975) (I, II, III). A sweep generator
(Wiltron Scalar Measurement System Model 5411A) with built-in digital control and
measurement circuits was used. The generator was coupled to a computer with a measurement
program (SIK Dielectric Measurement System) when measuring the food components (II). A
TM010 cavity was used for measuring the dielectric properties of hamburger bun (III) and a
TM012 cavity for those of the other components (hamburger meat patty, components of the ready
meal, and starch solutions) (I, II, III).
4.2. TEMPERATURE MEASUREMENTS
4.2.1. Food materials and experimental design
Ready meal (II)
Chilled four-component ready meals were studied with variations in sodium chloride content,
in types of trays, in geometry, and arrangement of components. The components of the meal
(400 g) were: two ground meat patties (2 x 40 g), sauce (100 g), mashed potato (170 g), and
carrots (50 g). A 25 factorial experimental design was used (e.g. Martens and Martens, 2001).
The factors were: sodium chloride content of mashed potato (levels 0.6% and 1.5%), sodium
chloride content of sauce (levels 0.1 and 1.5%), arrangement of the components (mashed
potato along the sides and in the middle of the tray), geometry of mashed potato (piled up and
spread evenly), and the number of compartments of the tray (one and two). There were 32
different combinations of the meal with one- and two-compartment tray. In addition, eight
combinations with a three-compartment tray were measured. Round CPET plastic trays with
one, two or three compartments were used. The inside diameter was 223 mm and height
30 mm. The trays were designated A (one compartment, volume 1000 ml), B (two
compartments, 480/480 ml), and C (three compartments, 480/220/210 ml). Figure 1 (II)
presents the arrangement and geometry of the ready meal. The meals were sealed with plastic
film and stored refrigerated at 0ºC before microwave heating.
Hamburger (III)
Chilled hamburgers consisted of three parts: a meat patty inside a hamburger bun (Fig. 1, III),
with top and bottom parts. The bun with a higher NaCl content (1.3%) was a commercial
product and that with a lower NaCl content (0.46%) was specially baked but otherwise the
same. Their densities were 0.22 and 0.19 g/cm3, respectively, and water content 37%. The
diameter was 9 cm and the total height 5.3 cm (bun with 1.3% NaCl) or 5.8 cm (0.46% NaCl)
divided into two parts: the bottom part was 1.7 cm and the top part 3.6 or 4.1 cm respectively.
The weight of the meat patties after cooking was 80 g or 50 g, and the height 1.1 and 0.9 cm,
respectively. The water content of the hamburger patty was 67% and density 1.09 g/cm3.
The experimental setup was a reduced, 25-1 factorial design for the series A (infrared imaging
and temperature measurements by a fibre optic system and thermocouples), and a 24 factorial
design for the series B (temperature measurements by a fibre optic system and thermocouples).
The factors were: sodium chloride content of meat patty (levels 0.1% and 1.3% of the weight
of the patty), addition of encapsulated sodium chloride (Dendritic salt) with a fine crystal size
(Cap-Shure, Balchem Corporation) on the surface of meat patty (levels 0 and 1%), sodium
chloride content of hamburger bun (levels 0.46 and 1.3%), sucrose-starch addition in meat
patty (0% and 1% sucrose + 2% starch), and size of the meat patty (levels 50 and 80 g - only in
the series A). In the series B only the bigger (80 g) patty was used.
4.2.2. Microwave oven, heating symmetry, and heating time
The microwave oven used in all of the heating experiments was a household microwave oven
Philips M610 "Space Cube" (microwave output power was 600 W according to IEC Document
705, 1000 g water load test) (II, III). The oven had a medium size cavity with a rectangular
glass ceramic shelf. The cavity was top fed and the rated input power was 1.2 kW. The heating
symmetry of the oven was examined using a pancake batter and with IR-thermographs (Agema
type T870) using a so-called reheating gel (Risman et al., 1993) (II). As both of the
experiments (batter and IR thermographs) showed an axis of symmetry in the heating pattern of
the oven, this was exploited when the meals were placed in the oven. The axis of symmetry
divided the ready meal tray into similar left and right parts, with the warmest areas along the
edges of the compartments. Risman et al. (1987) have demonstrated that at least one axis of
symmetry prevails in the power density pattern and this pattern usually persists throughout the
food height for thicknesses up to about 25 mm.
The ready meals were put on a 3 cm high plastic holder. The plastic holder was used in order
to reduce the bottom heating and to provide more even temperature distribution. The axis of
symmetry of the meals was the same as the axis of symmetry in the heating pattern (Fig. 1, II).
The measurement order was randomised and the meals were heated for 4 min at full power.
The heating time was chosen as this was recommended for a similar commercial product.
Hamburgers were placed in the middle of the oven on a 2 cm high plastic holder with a glass-
fibre mesh, which also allowed water to escape from the underside. The hamburgers were
placed accurately and the measuring points were in the horizontal centre. The measurement
order was randomised and hamburgers were heated for 80 seconds at full power (III), the time
being the same as was recommended to a similar commercial product. The resting period of
the oven between the measurements was about 20 minutes.
4.2.3. Temperature measurements and data analysis
IR imaging
In the experimental series A (hamburger), infrared imaging (IR-thermography) was used to
measure the temperature distribution on both sides of each of the components and of the cross
section of the patty (Agema type T 870 connected to a computer). Diphenylether (melting point
300 K) was used to calibrate the temperature. The highest and lowest temperatures and the
mean temperatures of the components were registered from the IR-thermographs (III).
Fibre optic temperature measurements and thermocouples
Temperatures of both the ready meal and hamburger were measured using a fibre optic system
(Luxtron models 755 and 790, Luxtron Corporation, USA) during microwave heating, and by
ordinary thermocouples (with a “temperature hedgehog”) after microwave heating, and the
cooling period was followed for 5 minutes. In the ready meals temperatures were registered at
seven points during heating (three in meat patties, two in mashed potato, one in sauce and one
in carrots) and at 35 points after heating (16 in mashed potato, nine in meat patties, six in
sauce, and four in carrots) (II). In the hamburgers, three fibre sensors were placed at the centre
points of the components (meat patty, and the top and bottom parts of the bun; Fig. 8). These
points were chosen based on the measurements with the infrared imaging which showed that
the coldest area in the patty and the warmest in the bun were the centre points. Both the fibre
optic system and the thermocouples were connected to computers with a temperature logging
system (AAC-2, Intab, Sweden).
Figure 8. Hamburger in the microwave oven showing the positions of the fibre sensors.
Data analysis
The heating rates and the final temperatures (temperature after microwave heating), and the
mean temperatures of the whole meal and hamburger, and the meal components and the
different parts of the hamburger were calculated from the data measured with the fibre optic
system or with thermocouples. Heating rate means here the heating rate at the beginning of
microwave heating, that is before the temperature in the centre point of the bun reached about
85°C. The final mean temperatures were the mean values of the measured points. They were
calculated for the hamburger 20 seconds after the end of the microwave heating (III). The mean
values for the ready meal were calculated 30 seconds and 5.5 minutes after microwave heating
(II). All data was evaluated by analysis of variance (SystatW5, Systat Inc.).
4.3. THE THEORETICAL MODELS AND NUMERICAL MODELLING OF
HAMBURGER (III)
In addition to the physical dimensions, the relationships between the temperature rises of each
of the bun layers and the meat layer in between depend on a multitude of other factors: 1) heat
capacity per volume unit (dielectric properties refer to volume rather than to mass), 2) thermal
conductivity, 3) heat transfer due to radiation or convection, 4) the microwave penetration
depth of each load substance, 5) the microwave reflections at the bun-air and bun-meat
interfaces, and 6) the microwave oven mode properties with regard to impedances and other
properties of the cavity volume modes and the trapped underheating modes (Risman, 1994),
and 7) microwave diffraction phenomena related to the curvature of the objects to be heated.
Factors 1 and 2 can be directly obtained or calculated from the literature. Factor 3 can be kept
low and will not have a significant influence if measurements are taken before any temperature
changes that cause water vapour transport have occurred. Factor 4 is obtained from the relative
permittivity. Factor 5 depends on permittivity and the frequency, but also on the oven modes
and it will be included in factor 6, which in turn must be determined and expressed in such a
way that calculations can be done using the previous properties to verify and explain the
experimental data. Factor 7 is very difficult to quantify by reasonably simple theoretical
models, and is well suited for studying by numerical modelling.
Quantification of load diffraction (or what is often labelled internal cold and hot spots) by
numerical modelling can be done using very simple scenarios. The scenarios consist of a cube
of free space with the food items in the central region and perfectly absorbing boundaries,
using a single plane wave excitation coming from a side and having a defined polarisation and
incidence angle qi.
Analytical calculations of the microwave energy balance
A series of assumptions are necessary for the calculations. It is also generally necessary to use
ratios rather than absolute values, since the relationship between the totally absorbed power in
a meal component and the power density at a point of measurement are not known. 
Normalization is made by using one experimentally measured case as a reference.
Normally no distinction between the cavity volume modes and the particular trapped modes
between the bottom of the load (and shelf) and the cavity bottom is made in the literature
(Risman, 1994). The cavity volume modes are characterised by their polarisation (TE or TM),
and their horizontal mode indices. The mode indices can be generalised by using the
normalised wavelength n (Risman, 1991b, 1992a). This is equivalent to sinqi, where qi is the
incidence angle of a plane wave towards a horizontal load surface. In a microwave oven there
are typically several simultaneous modes in the microwave oven cavity. However, their sum
can be approximated by an equivalent n of TM-polarised modes, since such modes typically
dominate in well-designed ovens due to their favourable impedance matching to food loads
and their reduced edge overheating (Sundberg, 1998). The oven used for these experiments
was a well-performing household oven with a large ceiling stirrer, with many time-sharing
modes, which together produce a reasonably even horizontal heating pattern. The equivalent
angle qi of “summed mode incidence” is larger in a “good” oven, since the impedance matching
is then improved and the edge overheating is reduced (Risman, 1992a). Assuming a value of
about 50° for qi (n = 0.77) is reasonable. The reflection factor does not vary much about this
value (Risman, 1991b).  For the underheating, an equivalent incidence angle of 108° may be
suitable.
Quantification by analytical methods of the heating in a large multilayer food is made using the
transverse resonance method (Risman, 1991b, 1992a), with n and the dielectric and geometry
data as parameters. Such methods have the advantage of very quick and inexpensive
algorithms, and allow some theoretical understanding of results. Sundberg (1998) has shown
that the mode behaviour in the cavity space is reasonably similar also when the food does not
cover the whole cross section of the cavity. The method is used here, since the horizontal
dimensions are sufficiently large.
Using the actual food data and n = 0.77 in the transverse resonance method analysis it becomes
evident that only an insignificant power density in the centre is absorbed. This means that the
cavity volume mode microwaves do not heat the bottom bun significantly. Since the actual
experiments showed that the power density in the top and bottom buns were of the same order,
there must also be an underheating mode of significant strength in the microwave oven which
was used. Due to the insignificant wave penetration through the meat patty, the top bun can be
considered to be heated by only volume modes and the bottom bun only by underheating modes.
The meat will thus be heated by both. The power densities from the two directions are added
arithmetically for the theoretical determination of the heating of the patty, since the power
density in the “shadow side” of the patty is much less than on the side towards the impinging
wave.
The input amplitude of the equivalent cavity volume mode is set to one, and the resulting local
power density in the center of the top bun is recorded in a reference case to be used for
determination of the microwave oven property of power sharing between heating from above
and below. The actual experimental quotient between bottom and top bun temperature rises is
calculated considering the specific heat capacity and density data to obtain a quotient between
the power densities in the centre of the bun items. The obtained power density in the bottom
bun is used in computer calculations for the reference case with the power coming from below,
with n as variable. The input amplitude is still set to one, since the cavity fields impinging
towards the sides of the total food must be the same from the cavity volume and underheating
mode, since the field in the cavity cannot be discontinuous in space. The n value is thus varied
to obtain a power density in the bottom bun corresponding to that obtained experimentally in
the reference case. The power density in the centre of the bottom bun in the reference case was
plotted as a function of the n of the underheating mode (Fig. 5, III), and a value was obtained
from this plot, as the experimentally obtained reference value was about 0.4. The obtained
value (n = 0.95) is thus used throughout, as an oven parameter for foods of the general shape as
that of the series of hamburgers used in the experiments.
Calculations of the power density in the meat patty
Using the actual food data and the value n = 0.95, both the cavity volume mode and the under-
heating mode for four different hamburger combinations were calculated (Fig. 6 (III) for one
combination calculated at about room temperature). The combinations were:
1) meat patty with 1.3% NaCl and sucrose (1%) + starch (2%) (patty B) together with  both of
the bun types (with the lower NaCl and the higher NaCl content)
2) meat patty with 0.1% NaCl and sucrose (1%) + starch (2%) (patty D) together with both of
the bun types.
The data from the calculated curves were averaged from two values taken from ± 1 mm from
the half depth position. The heating rates for the top and bottom part of the bun were calculated
using an experimental model based on measurements in series B (Table 2, III). These values
were used in calculating the quotient (constant K) in the energy balance between bottom and
top bun temperature rises. The power density quotients for experimental measurements and for
the model and the ratios between them are presented in Table 3 (III).
Numerical modelling of the power densities
A simple free-space scenario was used for numerical modelling, having multi-layer rounded
food items, with plane wave irradiation. The food items were flat circular cylinders with
bottom (bun) height 17 mm, middle (meat patty) height 12 mm and top (bun) height 36 mm. The
dielectric data were 30 - j20 for the meat patty and 4 - j1 for the bun.  The incidence angles
were 50° (corresponding to n = 0.77) and 108° (corresponding to the underheating with n =
0.95), both with TM polarisation (that is the incident magnetic field vector parallel to the
horizontal interfaces). The software used was QuickWave-3D (QW3D) (QWED s.c, Poland)
(Risman, 1998). The heating results created by the simulation represent heating by an
instantaneous microwave pulse, that is, there is no time for heat conduction or other levelling
off effects is given. The results are presented in two image sets in Fig. 7 (III).
4.4. WATER CONTENT AND WATER DISTRIBUTION (unpublished data)
4.4.1. Materials
Water distribution was measured in chilled hamburgers (see 4.2.1.). In series A, a 23 factorial
design was used. The factors were the sodium chloride content of the bun (levels 0.46 and
1.3%), sodium chloride content of meat patties (levels 0.1 and 1.3%), and sucrose-starch
addition (levels no addition and 1 % sucrose + 2 % starch). In the series B only one type of
meat patty (sodium chloride content 1.3 %, with a sucrose-starch addition) with one type of
bun (sodium chloride content 1.3%) was used. The water content of the bun was 40%. The
dimensions and densities were the same as for the temperature measurements.
The initial water contents of the bun and meat patty were determined gravimetrically, drying at
105°C overnight. The upper part of the bun was divided into four parts: the upper surface, the
upper centre, the lower centre, and the lower surface in order to determine the final water
content at different parts of the microwave heated hamburger bun.
4.4.2. Fibre optic water measurement system and data analysis
Hamburgers were heated for either 80 seconds (series A) or 160 seconds (series B) at full
power in a household microwave oven, a Philips M610 "Space Cube" (see 4.2.2.). The output
power, which was normally 600 W, was reduced to half (by changing a condenser) in series B.
This was done since the results from the series A showed that, when using the normal full
power, the measurement probe may have been cooler than the surrounding food, thus causing a
small local temperature gradient. The hamburger was placed on a 2 cm high plastic holder with
a glass-fibre mesh, which allowed water to escape from the under side.
The water content was monitored using a near infrared measurement system. The instrument
had two measurement probes made of dielectrically inert material. The probe was 3 mm in
diameter and the measured sample volume was 2-3 mm3. The instrument has to be specially
calibrated for each food material to be measured, as the instrument is very sensitive to both the
structure and the temperature of the sample. The calibration was done in a conventional oven
and the temperature dependence was measured for both of the measuring probes. Thorvaldsson
and Skjöldebrand (1996) have given a more detailed description of this method.
The true water content (Wt) can be calculated by the equation:
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where Wm is measured water content, T and Ts are temperature and initial temperature (°C),
respectively, Tddry and Tdmoist are temperature dependencies for the dry respective moist
samples (%/°C), and Ws is initial water content.
The temperature was measured using a fibre optic system (Luxtron model 755). The
measurements tip was placed together with the tip of the water content measurement device at
two points. The temperature was also monitored at other points. The holes for the water probe
were first prepared with a drill to reduce the structural dependence of the device. Figure 9
shows the temperature and water measurement points. Both fibre optic systems (water,
temperature) were connected to a computer with a temperature and water content acquisitions
system (AAC-2, Intab, Sweden). Temperature and water content were followed during
microwave heating (80 seconds in the series A and 160 seconds in the series B) and 80
seconds afterwards. The heating rates were calculated from the data collected before the
temperature reached about 90°C.
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Figure 9. The five points where the water content and the temperature were monitored in the bun (a
cross section).
4.5. SENSORY PROPERTIES AND PLEASANTNESS (IV)
The sensory evaluation study was divided into two parts. In the first part, the effect of serving
temperature on the pleasantness of different meal components was studied. The aim of the
second experiment was to examine how consumers perceive the uneven temperature often
observed in microwave heated meals and how the lack of uniformity in temperature affects
overall pleasantness of the ready meals heated in a microwave oven.
4.5.1. The pleasantness of separate meal components at different temperatures
Samples were pre-cooked frozen baby carrots, mashed potato prepared from a frozen mashed
potato product, and chilled cooked ground meat patties (0.8% mineral salt). The potato sample
was prepared according to manufacturer’s instructions. Meat patties were cut into small pieces
and carrots were thawed according to manufacturer’s instructions. All components were
placed in glass beakers covered with watch glasses and left either at room temperature (25ºC)
or in water baths to reach the other serving temperatures, which were 45 and 65ºC.
The panel consisted of 20 females and 11 males, aged 19-53 years (mean 27 years). The
panellists were asked to rate firmness, appropriateness of temperature, intensity of odour and
taste, and overall pleasantness of the components. The evaluations were carried out during
three successive days, all three temperatures were presented during the same session in
random order. The scales used were 100 mm graphic lines with the ends anchored: "extremely
weak" to "extremely strong" for intensity of odour and taste, "a little firm" to "very firm" for
firmness, "too cold" to "just right" (in the middle of the scale) to "too hot" for appropriateness
of temperature, and "extremely unpleasant" to "not unpleasant or pleasant" (in the middle) to
"extremely pleasant" for the overall pleasantness. The results were analysed by a two-way
analysis of variance (repeated measures), sources of variance being food, temperature, and
their interaction, and by correlation analysis (Pearson's correlation coefficients) (SPSS, ver.
8.0).
4.5.2. The temperature effects on ready meals perceived by a consumer panel
Two types of a four-component chilled ready meal, having a different arrangement of meal
components and thus a different temperature distribution, were used (Fig. 1 (II): meals A1 and
A4). Meat patties contained 1.4% sodium chloride. Mashed potato was prepared from a
commercial dehydrated granulated mashed potato containing 0.6% sodium chloride rehydrated.
Sauce was prepared from a mix and contained 0.9% sodium chloride rehydrated. Precooked
frozen carrot pieces were thawed prior to placing on the meal tray. The CPET plastic trays
with one compartment were used (see 4.2.1.). The knowledge of temperature distributions in
ready meals was based on temperature measurements (II). The meals were selected so that the
differences in temperature distributions of the meals were as large as possible. According to
the earlier study, the temperature of carrots was high while the temperature of mashed potato in
the middle of the tray was rather low in the meal type A1 (Fig. 1, II). The mean temperature of
carrots varied between 70 and 85ºC and that of mashed potato between 65 and 75ºC depending
of the meal type. The meal type A4 had a more even temperature distribution.
The microwave oven used was a household microwave oven Electrolux NF 4076 with a
microwave output power of 650 W. The oven had a rectangular borosilicate glass shelf. The
heating symmetry of the oven was examined, as describer earlier (4.2.2.), with a batter and
with infrared imaging (Inframetrics 760E, Dex Oy). A plastic tray filled with an agar gel
containing water, agar (2%), and sodium chloride (0.58%) was heated up to 1.5 min on full
power and the heating pattern of the gel was recorded during heating. The heating pattern was
symmetric and therefore we assumed that both sides of the meal were heated up similarly when
the meals were placed in the middle of the oven so that the axis of symmetry of the meal was
the same as the axis of symmetry in the heating pattern (Fig. 1, II).
The meals were heated 3.5 min on full power and served to a consumer panel consisting of 40
persons (32 females, 8 males, aged 22-57 years, mean 36 years). The panelists evaluated the
appearance, texture, and flavour of the different components, and appearance and overall
pleasantness of the whole meal on a seven-point numerical scale both ends anchored from
"extremely unpleasant" to "extremely pleasant". The appropriateness of temperature was rated
from 1 = "much too cold" to 7 = "much too hot", where 4 was "just right". The temperature
uniformity of each component was rated from 1 = "extremely uneven" to 7 = "extremely even",
except for carrots for which the temperature uniformity was not rated because carrots always
reached a temperature close to 90ºC during the heating time when the other components
remained cooler or had more uneven temperature. The panellists were asked to go through all
the questions within five minutes of serving as temperature differences were levelled down
within about 10 minutes. The panellists were allowed to write comments on components and
on the meal.
Means and standard deviations of the ratings evaluated were calculated. The meals were
compared to each other to find out the possible differences between the ratings of the meal
types. These were tested with a paired samples t-test. A backward multiple regression analysis
of the results was used to build up equations linking the meal pleasantness to individual
ratings. Predictors with a minimum significance of p = 0.05 were included in the equation.
5. RESULTS
5.1. DIELECTRIC PROPERTIES AND PENETRATION DEPTH
The differences in permittivities and loss factors of various starches were small and the
standard deviations among starches were less than 2% in permittivities and from 5 to 8% in
loss factors (I). The differences between gelatinised and non-gelatinised starch also were
small; non-gelatinised starch gave 2-3% higher values for the permittivity but up to 5% smaller
values for the loss factor. The most important factor affecting the values was the water content.
Figure 1 (I) shows the permittivities and loss factors of gelatinised potato starch as a function
of temperature.
The dielectric properties of the meal components are presented in Figure 3 (II). The
permittivity of the components containing sodium chloride was almost constant (about 75) but
the permittivity of carrots and less salted components decreased with temperature. The loss
factors varied considerably; the e” of less salted components and carrots decreased with
increasing temperature while the e” of the salted components increased. The penetration depth
of the components varied from 0.5 to 1.8 cm depending on temperature and sodium chloride
content; dp was less for salted components at higher temperatures than for less salted ones.
For hamburger items, the standard deviation of the dielectric properties between replicate
samples was less than 3% for meat patty measurements and about 10% for bread
measurements. The larger deviation in bread measurements was partly due to larger
inhomogenities but also due to problems in sample preparation. The dielectric properties of
selected meat patties as a function of temperature are presented in Figure 4a (III). The
differences in real permittivities of the meat patties were small even when different salt
contents were used, but the differences were larger in loss factors. The effects of sucrose-
starch addition were also small. The higher the salt content the higher the loss factor but lower
the real permittivity in the patty. For the hamburger bun, both the permittivity and the loss
factor were higher at higher salt content (Figure 4b, III).
5.2. TEMPERATURE MEASUREMENTS
5.2.1. Ready meal
Several factors affected heating rates (Table 1, II). The most significant factors were the
arrangement of the components, the geometry of the mashed potato, and the type of tray. The
highest heating rates and highest final temperatures were found along the sides of the trays.
Mashed potato had the lowest final temperature (measured by fibre optic system) of all
components. The temperature differences between the warmest and coldest point could be over
70ºC.
The composite mean temperature of the whole meal was near 80ºC and 5 minutes later still
about 70ºC, but there were large variations between the components. Mean temperature of
carrots exhibited largest variations (61-94ºC) depending on the factors of the meal and that of
mashed potato varied between 63 and 80ºC. Effects of factors are presented in Table 2 (II).
All factors showed interactions. The most even temperature distribution was achieved in the
one-compartment tray when the mashed potato was placed in piles along the sides of the tray.
The tray type C (three compartments) differed from the trays A and B, and it was excluded
from the data analysis of the factors. Effect of tray on mean temperatures is presented in Table
3 (II).
5.2.2. Hamburger
Series A
IR-thermographs showed that the centre of the bun had the highest temperature. In contrast to
the bun, the centre was the coldest area in the meat patty. As the heating time was the same for
both the patty sizes (80 and 50 g), temperatures were significantly higher in the smaller patty,
as could be expected. Figure 2 (III) shows IR-thermographs of two hamburgers, one with the
bigger meat patty and the other with the smaller patty. The IR-thermographs of the cross section
of the meat patty indicated that the bigger patty and saltier bun reduced the inside temperature
of the patty, especially at the centre. Table 1 (III) presents the highest, lowest, and average
surface temperatures of the meat patty and bun items. Higher NaCl content of the patty
increased the surface temperature of the bun, but it had no clear effect on the temperature of the
meat patty. On the contrary, a higher salt content in the bun decreased both the surface
temperature of the bun and meat patty. The effects of most of the variables, except the weight of
the patty, were small or not significant.
The mean temperature of the whole hamburger (measured by thermocouples) was about 81°C.
Mean temperatures of the top and bottom parts of the bun were the same (85.1°C) but the
variations were larger in the bottom part. The mean temperature of 50 g meat patty was 73.3 ±
2.4°C, and for the larger patty 65.4 ± 1.8°C. The heating rate values indicated that the centre
part of the bun reached 100°C rapidly (in about 30 seconds) while the centre areas of the meat
patty were still cold, sometimes only 15°C (Fig.3, III). The temperature in the centre point of
meat patty after microwave heating was on average 51°C for 80 g patty and 84°C for 50 g
patty. A lower NaCl content in the bun resulted in a slightly higher heating rate at the beginning
of microwave heating but other recipe modifications did not seem to have much effect.
Series B 
As the hamburger with the smaller patty became too hot in the experimental series A, the
following series (B) was carried out with the bigger (80 g) meat patty only. The main results
were similar: the bun became too hot and the centre of the meat patty remained too cold, the
target temperature being 70°C. The effects of the factors on the heating rate and the mean
temperature are presented in Table 2 (III). The mean temperature of the whole hamburger was
almost 80°C. The mean temperature of the top part of the bun was slightly higher (86°C) than
that of the bottom part (almost 84°C). The mean temperature of meat patty was 67°C, which
was close to the target temperature (70°C) but the temperature distribution was uneven. The
final temperature in the centre point of the patty varied from 40 to 61°C at the end of the heating
time.
The only significant factor that affected the mean temperatures was the NaCl content of bun.
The higher salt content decreased the mean temperatures as it decreased the heating rates. A
meat patty with more salt lowered the heating rate of the top part of the bun. The higher salt
content in the meat patty resulted in a somewhat lower mean temperature of the patty but this
effect was not statistically significant. Although the higher salt content significantly increased
the dielectric properties of the patty it had no significant effect on the heating rate of the meat
patty itself. The only factor that affected the heating rate of the meat patty was the addition of
sugar-starch mixture, which increased the heating rate. Compared to the results from IR-
thermographs, the temperature measurements with thermocouples indicated larger variance
between the items. The average surface temperature of the bun items was lower than the mean
temperatures measured inside the items, but vice versa for the meat patties. This indicates that
surface evaporation cools down the hot bun items while the bun items in turn have increased
the surface temperature of the meat patty.
5.3. MODELLING
The power density quotients for experimental measurements and for the model and the ratios
between them are presented in Table 3 (III). The model of the less salty hamburger bun fitted
relatively well (80-94 %) the experimental values of the power density quotients. However,
the discrepancy between the modelled and the experimental values of the saltier bun was about
50 %. Results of modelling of microwave power density in a circular “hamburger” cylinder
are presented in Figure 7. (III). The modelling showed that there is a cold spot in the middle of
the hamburger meat patty, and that the top part of the bun is heated most, but the temperature
distribution is more uneven than in the bottom part. This result is confirmed by comparing the
figures to the IR thermographs (Fig. 2, III).
5.4. WATER CONTENT AND WATER DISTRIBUTION
The gravimetric results show that after microwave heating, the total water content of the bun
decreased from the initial water content (37%) to 31% (mean value) due to evaporation. Table
2 presents the water content in the different parts of the top part of the bun. However, the first
measurements (series A) showed that the water content reading was too high in spite of
corrections in calibration. It was presumed that the measuring tip stayed cooler than the
surrounding food and caused water movement towards the tip, which caused the error.
Therefore, a new series (B) was heated in the oven with lowered (from 600 to 300 W) power,
but this problem did not disappear.
Table 2. The gravimetric results of the water content in the upper bun after microwave heating. Results
are mean values of two replicates.
Part of the upper bun Corresponding the fibre
optic measurement points
Water content (%)
Upper surface 1-2 23.2
Upper centre part 2-3 30.6
Lower centre part 3-4 37.2
Surface part near meat
patty
4-5 37.7
The initial temperature of the hamburger was about 10°C and the final temperatures at all the
measured points of the bun were about 100°C, except at the surface near the meat patty where it
was slightly lower. The fastest heating rate (measured in series B) was in the centre of the bun
(Fig.10, point 3) and the lowest at the meat patty surface (Fig. 9 shows the measurement
points). The highest water content after microwave heating was in the point 4 and the lowest
water contents were at the surfaces. The local water content varied at the different points.
Figure 10. Heating rate during microwave heating and water content after 120 and 160 seconds of
heating at the measured points of the top part of the hamburger bun (series B). The measurement points
are shown in Fig. 9.
The highest water content indicated by the fibre optic system was in the area between the
centre and the surface of the meat patty. At the outer surface moisture could escape to the
circulating air, as demonstrated by the observed decrease in total weight. At the surface in
contact with the meat patty, the temperature was lower than in the other parts of the bun and
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moisture could condense on the meat patty. The measuring tip was located some millimetres
from the surface, and therefore did not measure the condensed water. Compared to gravimetric
measurements, the fibre optic system gave too high water contents, the true content being
presumably 15-20% units lower.
5.5. SENSORY PROPERTIES AND PLEASANTNESS
5.5.1. The pleasantness of separate meal components at different temperatures
Figure 1 (a-e) (IV) presents the effect of temperature on the rated attributes and on the
pleasantness of the tested foods. Increasing temperature resulted in stronger odour and stronger
flavour of the foods. The odour of mashed potato was perceived as weaker than the odour of
other foods. Increasing temperature gave a less firm texture. Carrots were judged to be firmer
than the other foods. The highest temperature (65 ºC) was judged to be most appropriate for all
foods. The overall appropriateness of temperature was associated with the type of food;
carrots were given the highest scores. The overall pleasantness of all the foods increased with
increasing temperature, but there were no significant differences in pleasantness ratings of the
foods. The appropriateness of temperature correlated with all rated attributes. Correlation
between overall pleasantness and appropriateness of temperature was 0.60. Overall
pleasantness also correlated with the intensity of flavour (0.39) and odour (0.18), and these
two variables correlated with each other (0.39). All these correlations were significant at the
0.01 level (2-tailed).
5.5.2. The temperature effects on ready meals perceived by a consumer panel
Although the instrumental temperature measurements indicated that the temperature
distributions of the two meals differed clearly from each other, the meals were largely
perceived as being similar. Differences were found only in temperature uniformity of sauce,
temperature and flavour of carrots, and in appearance of the whole meal. The mean values and
SEMs (standard error of means) of the rated characteristics are presented in the Table 1 (IV),
except the temperature related results which are presented in Figure 3 (IV).
For both types of meal, the temperature of the whole meal and the different components were
judged to be quite uniform. Significant differences between the meal types were found in the
temperature of carrots and temperature uniformity of sauce. Carrots in the meal type A1 were
judged to be slightly too warm, while carrots in the meal type A4 were slightly too cold. The
temperature of sauce was more uniform in the meal type A4. No other significant differences in
temperatures or temperature uniformity were observed. Some differences were perceived in
the other sensory attributes. The pleasantness of flavour of carrots was rated higher in the meal
type A1. In the meal type A4 higher scores were given to the appearance of the meal as a
whole. The appearance of sauce in the meal A4 received slightly higher ratings than in the meal
A1, but the difference was not statistically significant. No differences were perceived in
texture of the components.
The overall pleasantness of the meals was judged to be similar and the regression analysis
gave almost identical models for the overall pleasantness of the meals. The equation for
pleasantness of meal A1 includes one predictor more (flavour of mashed potato) than for meal
A4 and the coefficient of determination (R2) is higher.
· Pleasantness of meal A1 = 0.30** x appearance of the meal + 0.32** x temperature
uniformity of the meal + 0.34** x flavour of meat patty + 0.22** x flavour of mashed potato -
1.02 (R2 = 0.78)
· Pleasantness of meal A4 = 0.36*** x appearance of the meal + 0.33** x temperature
uniformity of the meal + 0.39** x flavour of meat patty - 0.87 (R2 = 0.61)
6. DISCUSSION
6.1. DIELECTRIC PROPERTIES
The measurements of the dielectric properties of the starches showed that the differences
between the starches and their stage of gelatinisation were very small (I). Their dielectric
behaviour mostly followed that of water and agreed largely with the results presented by
Roebuck et al. (1972). If the dielectric properties had varied more, this knowledge could have
been used in selecting starches for microwaveable food applications, but it seems that
rheological properties, not dielectric ones, are of primary interest.
Differences in sodium chloride content of the food components were relatively large. The salt
content was expected to affect the heating rate, as it had a very pronounced effect on loss factor
e” and thus the penetration depth. The results showed a tendency for saltier components in a
ready meal to become warmer but the effect was smaller than that of other factors (II, III).
According to Mudgett (1995), the components with more salt should heat faster. However, then
the fact that the power flux density across a boundary between two media depends on the
relative impedances is ignored. The total power transfer into the patty will not be changed
much, since the real part (e’) does not change much between the less salty and salty component.
In addition, the penetration depth in the patty with more salt will be smaller, resulting in a
slower temperature rise some distance away from the surface, in spite of the higher
temperature rise at the surface. It seems as Risman (1992b) pointed out, that changes in loss
factor did not affect total microwave absorption, unless the layer was very thin. Salt content
has more effect on the energy distribution in the product.
The real permittivity of the food components did not vary much, except for non-salted sauce
and carrots, in which the permittivity decreased with increasing temperature (II). This
indicates that the changes in the water content are small, as the permittivity changes mostly
with water content. Salt content and the addition of encapsulated salt in meat patties affected
mainly the loss factor (III), as stated in the literature (Mudgett, 1995). The loss factor of less
salty components decreased with increasing temperature while the loss factor of salted foods
increased. This behaviour is similar to that of several different types of foods measured by
Bengtsson and Risman (1971).
The dielectric properties for bread and flour have been measured mostly at high frequencies.
Kent (1987) has tabulated dielectric data; the values measured at 10 MHz with 33% moisture
content are close to our results. Both e’ and e” are low for bread and flour, and temperature has
only a minor effect. Ohlsson et al. (1974b) studied meat emulsions with three variables (fat,
protein, water) and found that, at the same water content level, higher protein content gave
higher values for loss factor. This is due to salts in the ash fraction of protein. They reported
values for the permittivity of beef (moisture content about 65%) from 40 to 45 and for loss
factor from 13 to 16 at 20ºC, as did Bengtsson and Risman (1971). Tran and Stuchly (1987)
have measured higher values but the moisture content was also higher, while To et al. (1974)
found lower values than the others. All the measurements were made at 2,45-2,8 GHz for
cooked beef without salt addition. This explains the higher values for loss factor measured in
this study (II). The permittivity of carrots and mashed potato was slightly higher than in the
study of Bengtsson and Risman (1971) but the values for mashed potato agreed well with those
of Akyel et al. (1983). The values of saltier sauce are comparable with those of thickened
gravy (Bengtsson and Risman, 1971).
6.2. TEMPERATURE MEASUREMENTS
The temperature measurements were performed in one type of microwave oven, which can be
classified as having mid-class performance. When developing new microwavable products it
is recommended to use several types of microwave ovens (Buffler, 1993) as the ovens do not
behave similarly. However, depending on the food, the temperature distribution may be mainly
determined by either the food or the oven. If the product has a high permittivity and is
relatively flat shaped (like the ready meal), the results from the oven used here can be
generalised even for other ovens. This is also the case when the product dimensions are small,
as with the hamburger, when the food itself determines mainly the temperature distribution and
the effect of the oven type is small. However, there are many cases in which the oven
determines largely the temperature distribution. For example ovens with a poor performance
give a very pronounced corner and edge heating effect, while well-behaving ovens have a
smaller tendency to this type of heating. In the Nordic countries the majority of the microwave
ovens are at least satisfactory in the sense of oven performance, while in the UK and USA the
amount of cheap ovens with a poor performance is significantly greater (Risman, 2002).
6.2.1. Temperature distribution in ready meals (II)
The temperature distribution in food during and after microwave heating differs from that in
conventional heating methods. There may be cold and hot spots within a few centimetres from
each other, and the temperature difference between them can be over 30 ºC. Thus temperature
measurement in microwave heating is difficult, and it is recommended to use several
temperature measurement systems to get a more reliable picture of temperature distribution, as
stated by James (1993).
Edge heating affected the temperature distribution in ready meals, as was seen already in the
symmetry studies with batter. Components placed along the sides of the tray had higher heating
rates and thus reached higher final temperatures. Edge heating is due to an ”antenna” effect,
with the edge of the food acting as an antenna in the microwave field, a phenomenon discussed
by Risman and Ohlsson (1995). Risman (1992b) have pointed out that 10-20% of the absorbed
energy can be lost by edge overheating.
The most important factors affecting the heating rates or mean temperatures of the ready meal
components were the arrangement of components (mashed potato along the sides or in the
middle of the tray), geometry of mashed potato (spread evenly or piled up), and the type of tray
(one or two compartments). Sodium chloride content did not have any marked effect. It was
also difficult to affect the heating of sauce or meat patties. Carrots were cooler in the middle of
the tray but they still achieved the target temperature of 70ºC. The reheating of vegetables
seems not to be a problem in chilled meals compared to frozen ones, as demonstrated by Bows
and Richardson (1989). The most problematic component was mashed potato; cold spots with
a temperature of only 30ºC could be found after microwave heating. The component has a
compact structure and heat conduction is too slow to compensate for the uneven temperature
distribution. Therefore the arrangement which results in the most even temperature in mashed
potato is strongly recommended. Geometry can further help; if the diameter of the piled up
potato is about 55 mm, the centre heating effect may be in balance with the edge or corner
heating effect. This was also concluded from simulation experiments by Wäppling-Raaholt et
al. (2001). They simulated microwave heating of a multicomponent ready meal and observed
that the radii of the mashed potato and meat patty had most significant effect on heating
uniformity.
The number of compartments was probably not crucial, although the one-compartment tray (A)
resulted in the highest heating rates and mean temperature in the mashed potato. As tray A had
the largest volume, the components could be arranged more loosely and therefore they could be
heated more efficiently. This could explain why no edge heating effect of the two- or three-
compartment trays were observed, although the experiments with batter showed a strong effect.
However, the most favourable combination (A4, Fig. 1, II), where the carrots and sauce
became mixed, was problematic because the appearance may become less attractive. The two-
compartment tray could be a solution, but the results showed that the temperature of meat
patties might then remain too cold, which would be undesirable.
Changes in formulation did not have marked effects on microwave heat distribution of
prepared foods. Buffler and Stanford (1991) suggested adjusting specific heat capacity (cp)
rather than dielectric properties. However, both properties vary with composition, and changes
in cp will also change other properties. The package seems to be of a great importance in
achieving a better heating uniformity. Ohlsson and Risman (1991) reported that in foods heated
in microwave transparent materials, corner and edge overheating dominated the temperature
distribution. With aluminium containers the total temperature spread was smaller, although the
heating patterns were highly variable. Very selective heating can be achieved with packages
especially designed for microwaveable foods (Keefer and Ball, 1992; McCormick, 1992).
Package dimensions may have a very pronounced effect on the heating uniformity as
demonstrated by Wäppling-Raaholt et al. (2001). They showed that by increasing the width of
a food package by about 2 cm, heating uniformity of lasagne could be improved drastically.
6.2.2. Temperature distribution in hamburgers (III)
Experiments with hamburgers showed that the weight of the meat patty was the most significant
factor affecting the temperature distribution. IR-thermographs showed larger temperature
variations in the bottom part than in the top part of the bun. Probably the temperature of meat
patty had a larger effect on the bottom part of the bun, as the weight of the patty presses on the
bottom part of the bun during heating. The addition of sugar-starch mixture was the only factor
that affected the heating rate of the meat patty. Starch binds water; this was obvious from the
lower cooking losses in the meat patties with the starch addition. In spite of this, the
differences in real permittivities of the meat patties were small, probably too small to be able
to affect the heating rate. The increase in the heating rate of the meat patty caused by sugar-
starch addition was too small to compensate for the faster heating rate of the bun. Katt (1991)
reported that sucrose-water solutions heat up faster than water alone; the heating rate was
doubled with a low-pasting temperature starch. However, the sugar concentrations used were
up to 50%. Perhaps the sugar concentration in the free water part of the meat patty (III) could
have been large enough to enhance the heating rate.
Although the NaCl content of the bun was the most significant factor in series B, its effect on
the heating uniformity was small: the bun always became too warm, which led to a soggy and
even a tough product. There have been several attempts to explain the undesirable texture
changes during microwave heating of bread products. Depui (1993) proposed that the rapid
temperature rise together with increased water transport cause a texture which differs from a
conventionally reheated bread. Yamauchi et al. (1993) concluded that the rapid hardening of
microwave heated bread was mainly caused by hardening of starch. Rogers et al. (1990)
reported that most of the changes observed during heating of bread were associated with
changes in wheat gluten, which was likely to be involved in the toughening of bread during
microwave heating. Some reports confirm (Rogers et al., 1990; Miller and Hoseney, 1997) that
toughness of bread is not simply a function of moisture content after reheating, but depends on
the method of reheating. Although microwave-induced toughness is not caused by loss of water
it could be reduced by the use of emulsifiers or by increasing the water content of bread
through the use of fibre.
Fakhouri and Ramaswamy (1993) reported that in a model food higher fat content improved the
product heating rate and temperature uniformity whereas protein had the opposite effect. It is,
however, likely that these additives also caused changes in density, which in turn lead to
changes in the dielectric properties and wave reflection phenomena, as reported here (III).
Moreover, the possibilities for varying the recipe are not very large. An optimum geometry for
a food would be a configuration in the form of an annulus or donut (Buffler and Stanford 1991).
For bread products, Shukla (1993) proposed reformulation with special starches. Bread with
higher density has generally a lower heating rate and would therefore be more favourable, but
consumers would probably not accept a hamburger with a very dense bun. Improvements in
microwave oven field distribution and modifications of food item geometry could help more
than the chemical modifications when trying to get more uniform heating of a multicomponent
product in a microwave oven as proposed by for example Ohlsson (1990). The best result is
achieved when products, packages and ovens are developed together.
6.3. MODELLING (III)
The analytical model of the layered product (hamburger) was developed to be simple and to
offer relatively fast calculations of power densities in the food. The model of the less salty bun
fitted relatively well (80-94%) with the experimental data, while that of the saltier bun did not
explain the behaviour, the discrepancy between the model and experimental data was as high
as around 50%. The results demonstrate the difficulties in measuring the temperature inside the
meat patty. A small deviation from the centre measurement point may cause a large deviation in
measured temperature from that of the true central value, and not correspond to the central
power density. The model also supposed that the mode powers are orthogonal (they were
obtained by direct addition). However, there might have been some field cancellation
(destructive interference) which could change the power density quotients.
Numerical modelling is becoming faster and cheaper, and it offers a valuable tool in the design
of food products and packages for microwave heating (Risman, 1998; Wäppling-Raaholt,
2000). The modelling shows very clearly that, even if the microwave field is relatively
uniform, the food itself causes uneven heating due to focusing and diffraction phenomena. The
centre part of the patty remains cool and there is a warmer area around this cold centre.
Smaller diameters than used here (90 mm) give even worse heating uniformity. It can be shown
that somewhat more uniform heating could be possible with larger (100-120 mm, even up to
140 mm) diameters; the optimum diameter depends on the microwave oven (Risman, 2002).
Several interesting features can be deduced from the results. Both numerical modelling and
analytical calculations indicate strong heating intensity variations over small vertical distances
in the high-permittivity meat patty. The numerical modelling also shows quite strong heating
intensity variability over the horizontal cross sections, and the patterns vary considerably
between the buns and meat patties, to become almost complementary. The heating patterns in
the buns vary noticeably between the two angles of incidence (Fig.7, III), again providing a
complementary action, while the heating pattern in the meat patty varies less between these two
polarisations. There is a tendency for a horizontally central cold region in the meat patty. The
modelling shows that the overall geometry of the hamburger happens to be rather favourable,
since there is no strong horizontal unevenness of heating due to diffraction phenomena. This in
turn means that the chosen, axially-centered temperature measurement points must have been
quite representative.
6.4. WATER CONTENT AND WATER DISTRIBUTION
In conventional heating, the surface is the warmest part, and temperature decreases towards the
centre. When a temperature gradient is built up in a porous material, more water is vapourised
in warm than in cool areas and a partial vapour pressure gradient is built up. The gradient is
equalised through water movement towards cooler areas. Therefore, water moves in the
beginning of heating towards the centre area, as shown by Thorvaldsson (1998). In microwave
heating, the surfaces may be cooler than the centre, and moisture may move toward surfaces. At
the outer surface it can escape to the circulating air. At the bun surface near the meat patty the
temperature is cooler than in the other parts of the bun and moisture may condensate on the
meat patty. There is both a temperature and moisture concentration gradient between the bun
and meat patty. Water does probably not move in liquid form but only in vapour form during
the short heating time in a microwave oven.
The water content measurements showed that water moves from the centre towards the
surfaces, especially near the bun-meat patty interface. Water content near the outer surface was
lower probably due to evaporation to the surrounding air. Compared to the gravimetric
measurements, the results, however, denote too high values. Water content should decrease but
it seems to increase at all of the measurement points. The gravimetric results confirm that the
presumption of water movement was true. There were at least two possible sources of error.
During microwave heating the structure may be pressed down slightly. This change leads to too
high readings, which gives the impression that water content increases. As the measurement
fibre is made of dielectrically inactive material, so microwaves do not heat the fibre and the
tip. This may lead to a small local temperature gradient between bun and the measuring tip,
which in turn can cause water transport towards the tip and thus the system may show a too
high value.
Calibration of the water measurement system is a critical point. Although the instrument was
calibrated for the used bread material and temperature range, the results showed water contents
which were too high. The instrument is known to be very sensitive both to the structure and the
temperature but it may also be sensitive to the combination of time and temperature of the
heating process. As the calibration was done in a conventional oven (the system includes metal
and could not be used in a microwave oven) the temperature rise was not as fast as in the
microwave oven, and thus the structure dependence could have been different from that of our
calibration. The fibre optic measurement system could be suitable for dynamic studies during
microwave heating, since the fibre itself is not dielectrically active, as suggested by
Thorvaldsson (1998). However, the calibration system should be developed further if this
method is to be used in a microwave field.
6.5. SENSORY PROPERTIES AND PLEASANTNESS (IV)
The serving temperature significantly affected all rated attributes. The foods used in this study
are normally eaten warm and, according to Zellner et al. (1988), consumers may even reject
food if the serving temperature is not appropriate. Although cooked carrots are normally eaten
warm they can also be served cold in salads etc. This may explain why carrots served at room
temperature got higher ratings than the other foods. Cardello and Maller (1982) showed that the
acceptability of foods was a function of the temperature at which the food is normally served.
The intensity of both taste and odour increased with increasing temperature. Kähkönen et al.
(1995) obtained similar results for cheese soup. The overall pleasantness correlated strongly
with the appropriateness of the temperature. It also correlated with the intensity of odour and
flavour which, in turn, correlated with appropriateness of the temperature. However, the
serving temperature is one of the main factors affecting the pleasantness of food.
Although temperature significantly affects the sensory quality of food, it is the combination of
temperature and other sensory properties which determine the liking of a food. Temperature
may induce changes also in other sensory properties which in turn can affect acceptance. For
example, the less firm texture of meat patties at high temperatures is caused by melting of fat,
and this melting could also increase the overall pleasantness. Cardello and Maller (1982),
studying the acceptability of several food items between 3 and 58ºC, found that none of the
beverages or foods that they investigated had a maximum acceptability at ambient
temperatures. They proposed that this might be due to learned cultural factors.
The sensory research (IV) indicated the same tendency of temperature differences as the
instrumental measurements of ready meal (II), but the differences between the meals were not
significant. Possibly the overall temperature of the meal was so high that it was difficult to
perceive the differences. Carrots in the meal type A1 (carrots along the edges of the tray) got
the highest ratings for pleasantness of flavour and this is probably due to the higher
temperature. Somewhat too high a temperature seems to be more acceptable than a temperature
that is too low, as suggested by Kähkönen et al. (1995). Another reason may be the arrangement
of meal components: in the meal type A1 mashed potato was a barrier between carrots and
sauce while in the meal type A4, where mashed potato was piled along the sides, carrots were
in the middle of the tray and got mixed with sauce. Although the appearance of meal A4 as a
whole was rated higher than that of meal A1, the flavour of the carrots might have suffered
from the mixing of the components. The differences in temperatures between the meal types
may have also caused variations in appearance. For example, sauce was described as looking
gelatinous and was less pleasant in the middle of the tray where it was cooler than near the
edges of the tray where the sauce was more fluid. The difference in the mean temperature of
sauce between the two meals was significant (II), while the difference in appearance of sauce
between the meals was near the 5% significance level (IV).
Many studies show that serving temperature of food, or food temperature in the mouth,
influence the detection thresholds and intensity of taste and the acceptability of food (e.g.
McBurney et al., 1973; Paulus & Reisch, 1980; Cardello & Maller, 1982). The foods that were
considered to have the most appropriate temperature were rated the most pleasant (Kähkönen
et al., 1995). However, some bias may also have influenced these results, e.g. asking panellists
to rate flavour, texture, or appearance may have led them to find differences in these attributes.
According to Lawless and Heymann (1998), it is sometimes difficult to predetermine the
correct number of attributes. Lack of appropriate scales may lead panellists to use other scales
for reporting their experience (so called dumping effect) but on the other hand, having too many
scales may result in a cognitive overload.
The regression models of the overall pleasantness were rather similar for both meal types. The
three dominating factors were the pleasantness of flavour of the meat patty, pleasantness of the
appearance of the meal, and the perceived temperature uniformity of the meal. This indicates
that the temperature uniformity of microwave heated meals is also important to consumer
acceptance but it is not easy to separate it from the other sensory properties, such as flavour of
the components.
7. CONCLUSIONS
Microwave heating is much more complicated and less familiar than conventional heating
methods. There are many factors affecting the result, such as the product (composition,
geometry and physical properties), the package and the microwave oven itself. In this study,
attention was paid to some factors affecting the heating uniformity, namely composition (salt
content), geometry and layout of two products (hamburger and a multicomponent ready meal,
both of which are popular among consumers). In the literature some guidelines for developing
microwave heated foods can be found, but studies which have quantified the factors affecting
the temperature distribution are very rare. In addition, instrumentally measured properties do
not necessarily correlate with consumer opinions and therefore, sensory studies are needed to
evaluate the quality after heating.
Starch is an essential component of many foods, and the final quality of microwave heated
products that are rich in starch, such as bread products, is a problem. This study shows, that in
selecting starches for microwave heating, rheological properties are of primary interest, not the
dielectric ones. Although dielectric properties of food components may be varied, the final
effect on heating rate is relatively small. The most important factors in controlling microwave
heating uniformity of multicomponent foods were packages, geometry of products and
component placement, of which placement had the most notable effect. The temperature
distribution could partly be balanced by taking advantage of edge and corner heating
intensification, while chemical modifications, such as in salt content, did not notably affect the
heating uniformity. This means that in practice dense components, which are otherwise difficult
to heat uniformly, should be placed loosely and near edges. A tray with more than one
compartment may intensify the edge and corner heating effect. In the case of hamburger, the
product geometry has a pronounced effect, and the heating uniformity could mainly be modified
by changes in the product dimensions. However, interaction effects can sometimes be
important.
The possibilities to modify temperature distribution by physical properties (such as specific
heat) or geometry of the product or product components are often underrated although they can
offer a much more promising way to get an even temperature distribution than changes in the
dielectric properties by recipe modifications. In the development of food and packages
numerical modelling nowadays offers a powerful tool. When both the microwave oven is
”well-behaving” and the food geometry and composition (such as right type of starch and
suitable flavouring), as well as the packaging (possible susceptors or active packages) are
optimised for microwave heating, the result can be more satisfactory to the consumer.
Further research is needed into several areas, such as the problem of bread toughening during
microwave heating. This involves knowledge of microwave energy absorption in a product
and, thus, the temperature distribution, which in turn affects water movement during microwave
heating. The NIR water measurement system used in this study would be suitable for following
water movement in a microwave environment, but the calibration should be developed and
evaluated further for this purpose.
Serving temperature clearly affected sensory attributes and the pleasantness of foods.
However, while instrumental measurements indicated large differences in temperatures
between two microwave heated ready meals, the consumer panel used in this study perceived
only small differences in some sensory attributes. Regardless of temperature differences, the
overall pleasantness of the two microwave heated meals was judged to be similar and
satisfactory. Small temperature differences, especially at high temperatures (e.g. common food
serving temperatures), may be very difficult to perceive in the mouth. Serving temperature is
surely crucial to the pleasantness of food but, to the extent that it varied in microwave heating,
it did not have a major impact on the overall pleasantness of the meal. Possibly, if uneven
heating recurs, it may become a nuisance. Therefore research and development to achieve a
more uniform temperature distribution in microwave heated foods is recommended.
The results of this thesis show the importance of a close co-operation between food, package,
and oven development, as well as consumer research. This multidisciplinary approach can
help food scientists in developing higher quality microwaveable foods. This study is also
among the very few published studies quantifying the factors affecting microwave heating of
prepared foods. In addition, simulation of microwave heating offers very promising tools for
optimising product composition and dimensions, and thus the heating uniformity and perceived
quality of microwave heated multicomponent foods.
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